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Thesis Title: High Temperature Separations on Hybrid Stationary Phases 
Lateefa A. AI·khateeb 
Thesis Abstract 
This project has focused on the study of hybrid phases at low percentage of 
organic modifier and pure water using high temperature in liquid 
chromatography (HTLC). It examined the effect of temperature on the 
retention of a range of test solutes and phenol homologues. The hybrid 
columns all showed linear van't Hoff relationship at low percentages 
of methanol but at higher temperature non linear van't Hoff curves were 
observed. Non·linear van't Hoff curves were observed with pure water on 
hybrid phases. This was thought to be because the retention mechanism 
changed at a discontinuity point above 100 ·C due to change in the properties 
of the mobile phase as well as changes in the entropy. The methylene 
selectivity decreased with temperature and increase with increasing pressure. 
XTerra phenyl and XBridge phenyl columns were stable up to 200 ·C and also 
in different flow rates without distortion in peaks. The efficiency of both 
columns was significantly decreased at low linear velocities due the 
domination of the B-term but at higher linear velocities the C-term dominated 
the separation. XBridge phenyl showed a flattened van Deemter curve 
indicates that high flow rate enabled a better separation. 
The application of high temperature on hybrid phases was studied for the 
separation of the selected steroids on XTerra MS C18 at low percentages 
methanol and pure water. A high flow rate was used to decrease the retention 
on XTerra MS C18 column at low percentage of methanol. 
In this project, variable back-pressure was used as an external parameter at 
constant flow rate and temperature to study the effect of pressure on retention 
in liquid chromatography. Hydrophobicity and shape selectivity, which depend 
on retention factor, increased due to increases in the pressure. 
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Chapter 1 
CHAPTER ONE 
INTRODUCTION 
Introduction 
High temperature liquid chromatography (HTLC) is a forgotten separation 
parameter in LC because of disadvantages and drawbacks of high 
temperature on traditional silica stationary phases, which are quickly 
degraded above 80 'C. In recent years this problem has been partially solved 
by new more thermally stable stationary phases with comparable performance. 
Currently high temperature has become an additional parameter to improve 
the performance of HPLC separation, because it is possible to obtain ultrafast 
separations with improvement in peak shape and without loss in efficiency. 
Temperature also has a small effect on the selectivity of neutral compounds 
compared to ionised compounds because of temperature effects on the 
mobile phase pH and pKa of solute. 
HTLC is a separation with a reduced organic modifier content in the mobile 
phase and it is possible to use with universal and or sensitive detectors as 
FID, ELSD, MS, NMR, and more specific detector such as FT- IR, RID and 
ICP-AES (1). High temperature also decreases the viscosity and polarity of 
the mobile phase as well as back-pressure in the system, while solute 
diffusion coefficient increases in the mobile phase and in the stationary phase, 
which allowing a better penetration of matrix particles, resulting in more 
efficient chromatographic peaks. Therefore, high flow rate can be utilized for 
fast separations without compromising efficiency. In addition, at high 
temperatures, higher peak capacity can be obtained due to improvements in 
efficiency and subsequently sharper peaks. Furthermore, high temperature 
increases the sensitivity owing to the improvements in signal-to-noise ratios. 
Demands to reduce the organic solvent use in the mobile phase have 
increased in recent years [2, 3, 4). Using high temperature as a parameter for 
HPLC leads both to a reduction in the use of organic solvent and also shorter 
analysis times. High temperature water alone can be used as an alternative 
1 
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to organic-water as a mobile phase. Water is preferred in green chemistry as 
it is cheap and non hazardous, but it is weak and too polar as an eluent which 
is unable to solvate polar and non-polar organic compounds at ambient 
temperature. However, the solubility of organic compounds is dramatically 
enhanced by increasing the water temperature as water at high temperature 
behaves as a non-polar organic solvent [5]. 
These changes in separation temperature have an impact on the physico-
chemical properties of the mobile phase as well as in the stationary phase 
and analyte. The properties of water also change at high temperature due to 
effect of the temperature on the polarity/permittivity [6], hydrogen bonding 
structure [7, 8, 9, 10, 11] as well as solvation of solutes. 
This study set out to investigate some of these parameters by examining the 
effects on retention on reversed -phase columns with low or no organic 
solvent in the mobile phase. 
2 
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CHAPTER TWO 
TEMPERATURE AND PRESSURE AS PARAMETERS IN HPLC 
SEPARATIONS 
2.1 Temperature as a parameter in HPLC separations 
2.1.1 Effect of temperature on retention 
Many studies were comparing the effect on retention factors of a change in 
the mobile phase compostion and a change in temperature. 
In 1948, LeRosen and Rivet [12] investigated the movement of 
chromatographic zones as a function of temperature in the rate of spreading 
of liquid on active surface. They found that for all investigated compounds, 
there was a flat region in the retention vs. temperature curves from 20'C to 
35'C. However, some compounds showed a rapid increase/decrease in the 
retention values outside this temperature region. Therefore, they concluded 
that liquid chromatography should be performed in the temperature range 
between 20'C to 35'C to reduce temperature effects. 
In 1971, Schmit et al. [13] found a linear relationship between log iR and the 
reciprocal of the absolute temperature when investigating the effect of 
temperature on retention in reversed phase chromatography. The retention 
time decreased with increasing temperature. This finding was attractive to the 
chromatographer who could use temperature as a tool to reduce analysis 
duration. 
In most cases, retention decreases with increasing column temperature and 
many studies were performed to compare the effect of temperature with 
changing mobile phase composition [14] or decreasing the volume fraction of 
organic solvent to keep retention factor in a reasonable value at increased 
temperature [15, 16]. However, some studies showed a reverse effect of 
increasing retention with increased temperature. For example, Tana et al. [17] 
3 
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reported an increase in retention for the dipeptide leucine-phenylalanine at 
low pH and high % acetonitrile at elevated temperature, while other basic 
compounds showed reduced retention at high temperature. An increase in 
retention on increasing the temperature was reported by Buckenmaier et al. 
[18) on XTerra RP 18 and Intersil aDS 3D columns during the analysis of 
quaternary ammonium bases compound. This was attributed to the significant 
reduction in the pKa of these compounds with temperature, resulting in a large 
reduction in the degree of protonation. A number of researchers [17, 19, 20) 
reported that, for carotenoid isomers and non-planar PAHs, an increased 
temperature led to an increase in retention behavior on the long-chain phases 
C30 and C34, and nonlinear van't Hoff relationship was also observed [19]. 
Working under temperature controlled, fixed temperatures and temperature 
programming conditions provides improvement in selectivity and reduction in 
analysis time by one-fifth of the time needed in isothermal analysis. Elevated 
temperature has effect on reducing analysis time and viscosity of the mobile 
phase because of the effect of temperature on mass transfer between the 
mobile phase and stationary phase and thereby in efficiency [21]. At elevated 
temperature, the chromatographic peak becomes sharp with better symmetry. 
However, for the higher molecular weight analytes the effect was contradicted 
by the effect of temperature on chromatographic efficiency because of limits 
imposed by radial temperature gradient in the filling capillary column [22]. 
Uncontrolled temperature in liquid chromatography has a significant effect on 
reproducibility and the robustness of separations [23]. This can cause major 
problems in method transferability between laboratories and it is worst if it 
require a method to be reoptimised or revalidated [24]. Therefore, most 
separation required thermostated environment. However, temperature control 
such as circulation air oven, static air ovens, metal block heater and 
circulating water bath can all generate different effective temperature if set to 
the same condition. 
Recently, high temperature ultrafast liquid chromatography separation has 
been used for fast separation liquid chromatography. Xiang et al. [25] studied 
4 
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the effect of temperature on efficiency of 1 IJm nonporous zirconia and 
compared to the results with room temperature separations. 
More recently, Villiers et al. [26] reported that frictional heating cannot be 
negligible when performing Le analysis at pressures in the range 1000 bar on 
columns of 2.1mm i.d. and higher. They used two types of column heater to 
investigate the effects of viscous heat dissipation on efficiency and retention 
factors. When an air column heater was used to thermostate the column, the 
column efficiency increased due to prevalent longitudinal gradient. However, 
radial temperature gradients led to significant less efficiency when they used 
water baths for thermostating the column because of the effect of the viscosity 
gradient and retention factor gradient. 
2.1.2 Effect of temperature on retention in reversed phase liquid 
chromatography 
The temperature dependence of the retention factor in reversed phase 
chromatography can be expressed in terms of the free energy of a solute 
when changing from one phase to the other by evaluation of the van't Hoff 
plots [27] of the change in retention factor with reciprocal absolute 
temperature. The change in free energy liGo is expressed by Equation (2.1) 
liGo=-RTK (2.1) 
Where R is the universal gas constant and T is the absolute temperature. The 
standard free energy can also be expressed through Equation (2.2): 
(2.2) 
Where MIO is the standard enthalpy change and /iSO is the standard entropy 
change of the solute transfer from the mobile phase to the stationary phase. 
Therefore, the distribution coefficient can be expressed in terms of the 
standard enthalpy and standard entropy changes as: 
5 
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MlO MO 
InK=---+-
RI' R 
K is the distribution coefficient and can be related to retention factor by: 
k = C,V, = K V, = k(J 
CmVm Vm 
(2.3) 
(2.4) 
Where (V,) is the volume of stationary phase and (Vm ) the volume of the 
mobile phase within the column. In this case, the temperature dependence of 
retention can be expressed as: 
. MlO MO 
Ink=---+-+ln(J 
RT R 
(2.5) 
This expression is the basis of the temperature dependence of retention. 
The procedure of determining the thermodynamic parameters involves 
plotting of In k against 1fT (often called a van't Hoff plot) with the slope equal 
to -1lf1fR and solving for 1lf1. The intercept IlS fR + In (J can be used to 
calculate IlS·. The phase ratio «(J), defined as the ratio between the volume of 
the stationary phase and the volume of the mobile phase, is independent of 
the temperature. 
The choice of void volume marker is important in RPLC, because the 
determination of to is important in the determination of the retention factor of 
solutes especially with short retentions [28, 29). The retention of to also 
changes according to changes in the composition of the mobile phase and 
changes in temperature [30). 
Typical enthalpy interactions in a reversed-phase system are about -10 to -15 
kJ fmol for small molecules. With larger molecular weight compound of about 
1100, larger negative enthalpy contributions of about -29 kJfmol in non-
aqueous systems (31), because a solute with a large IlHwill be affected more 
by temperature change than a solute with small IlH. Linear van't Hoff curves 
were observed in typical RPLC systems in both monomeric and polymeric 
C18 stationary phases [32, 33, 34, 35), indicating that in the investigated 
temperature range, the retention proceeds through only one kind of 
mechanism and 1lH" is invariant with temperature. The transfer enthalpy can 
6 
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also be used to characterize or compare various stationary phases using a 
particular mobile phase. However, as a result of the thermal instability of silica 
based columns, the range of temperature that is normally used is not very 
wide. Normally linear van't Hoff plots for different studied silica based columns 
have been observed [27, 32, 33, 34, 36, 37, 38, 39, 40, 41, 42, 43, 44). 
Recently, the enthalpies of solute transfer from the mobile phase to the 
stationary phase were directly determined by flow microcalorimetry [45] and 
compared with an HPLC method. A set of phthalates were dissolved in the 
solvent phase, which was the same used as the mobile phases in the HPLC 
system, and were pumped through a cartridge which contained silica gel and 
the generated energy was recorded. The enthalpies of solute transfer were 
also determined by the van't Hoff method and the two methods gave the 
same results. 
If the van't Hoff plot is not a straight line, it suggests a change in the nature of 
the interactions between the solute and the mobile phase or between the 
solute and the stationary phase or both. Thus enthalpy and the entropy of the 
retention process will change, and the van't Hoff plot will show a change in the 
slope and intercept at the transition temperature. !J.H" is then evaluated from 
the slope at any particular 1fT value if tP is constant with respect to 
temperature. Deviations from linearity have been interpreted as indicating that 
either the retention mechanism and for the stationary phase have varied over 
the temperature range examined. Non-linear van't Hoff plots have been 
observed in some temperature studies on solute retention in RPLC [39, 46, 47, 
48,48,49, 50, 51]. 
Cases of non-linear plots include a number of different examples. One 
suggestion is a change in the structure or phase nature of the stationary 
phase. For example Cole and Dorsey [39] investigated the effect of mobile 
phase and column temperature. They showed that the phase transition of a 
monomeric silica phase occurs at 20-30 'C when the ligand density is larger 
than 3.0 IJmolfm2 and that the phase transition temperature becomes higher 
as the ligand density increases. Jinno et al. [52] also demonstrated the effect 
7 
Chapter 2 Introduction 
of changing the mobile phase on the phase structure by using Fourier 
transform infrared (FT-IR) and NMR separation as well as differential 
scanning calorimetry data. The FT-I R data supported the earlier findings by 
Morel and Serpinet [53) and Sander et al. [54) that changing the mobile phase 
caused a change in the conformation of the aDS bonded phase. Solid state 
NMR data showed that the change to higher column temperatures caused 
extreme changes in the stationary phase from solid-like to liquid-like form with 
small change in non-planar solute conformation [52). Using a gas 
chromatography technique and in absence of solvent, deviations from linearity 
for monomeric C18 stationary phase were observed at about 22 'C [53, 55, 
56). Some authors pOinted out that curvilinear van't Hoff might be attributed to 
changes in the system back-pressure with temperature, which should result in 
an alteration of the true temperature dependence of k [57), but others argue 
for the effect of back-pressure on non-linear van't Hoff [14). 
If the stationary phase or the analyte undergoes a change in conformation at 
a certain temperature, the enthalpy and the entropy of the retention process 
will change, and the van't Hoff plot will show a change in the slope and 
intercept at the transition temperature [58). Thus, the retention behaviour can 
be influenced by the nature of organic solvent in the mobile phase and the 
nature of the stationary phase. 
Alternatively there may be a change in the analyte structure. Heam and Zhao 
[59) observed non-linear van't Hoff plots for polypeptides on n-butyl silica at 
the acetonitrile-water mobile phase, but not with methanol-water over a 
temperature range from 278 to 358 'K. The addition of l3-cyclodextrin to the 
mobile phase gave non-linear van't Hoff plots in the separation of steroids [60), 
and also non linear van't Hoff plots were observed on the separation of 
enantiomers in the chiral columns [61). 
Two principal theories, the solvophobic and the partitioning theory have been 
proposed to explain the mechanism of retention in reversed-phase 
chromatography. The oldest of these is the solvophobic theory (formerly 
known as the hydrophobic theory); it was proposed for RP-HPLC by Horvath 
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and co-workers [62, 63, 64, 65]. This theory proposed that retention is related 
to hydrophobic interaction between the mobile phase and solutes. Moreover, 
that the bonded stationary phase played no active role in retention. A two-step 
_ mechanism for retention is described. In the initial step, a cavity of size and 
shape suitable for the incoming solute is created. In the second step, a solute 
fills the cavity and interacts with surrounding solvent. The free energy change 
associated with the two step solute-transfer mechanism drives retention. 
In the second theory, the partitioning model of retention considers the role of 
stationary phase in the retention process. In 1983, Martire and Boehm 
published the first retention model to consider the effects of stationary-phase 
chain organization [66]. Dill proposed a partitioning model of retention based 
upon mean-field statistical thermodynamic theory, which described a three 
step molecular process by which the solute transfers from the mobile phase to 
the stationary phase [67, 68, 69]. This three-step process involves creation of 
a solute-size cavity in the stationary phase, transfer of the solute from the 
mobile phase to the stationary phase, and closing the solute- size cavity in the 
mobile phase. Melander and Horvath applied an extra-thermodynamic 
approach to analyze retention data. The term extra-thermodynamic denotes 
the fact that they fall short of any rigorous thermodynamic foundation [70]. 
They use the enthalpy-entropy compensation approach, which manifests itself 
in a linear dependence of the overall free energy change (changes in the 
corresponding enthalpy changes for Similar physico-chemical phenomena). 
Colin at al. [30] calculated the thermal expansion coefficient for MeOH-water 
and ACN-water because the density of MeOH-water and ACN-water mobile 
phases changes as a result of change in composition and temperature. 
Previous work has investigated thermodynamic mechanisms due to the 
interaction of solvent with the stationary phase with a highly organic eluents 
and found that the stationary phase alkyl chains move freely at high organic 
solvent proportions [71]. It was found that the cavity formation effect govemed 
the solute distribution between the mobile and stationary phases for the 
methanol rich mobile phase, while the hydrophobic effects were significant in 
the highly aqueous phase on squalane- impregnated C18 bonded phase [36]. 
9 
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In order to understand the separation mechanism, thermodynamic properties 
for the solute transfer between the mobile phase and stationary phase have 
been investigated by measuring solute retentions at different temperatures for 
homologue serious of compounds as alkylbenzene [72], fatty acids [73], 
peptides [74] , low molar-mass polystyrene and polyesters [75]. The retention 
mechanism changed as a result of change in the organic modifier in the 
mobile phase at different temperature [76]. It is also affected by a change in 
composition of hydroorganic mobile phases [77]. Other studies compared 
thermodynamic values for different silica in the same mobile phase [78, 79, 
80]. Investigation of enthalpy-entropy compensation temperature is a useful 
thermodynamic approach to the analysis of physico-chemical data [32, 34, 37, 
63, 81, 82]. Under such conditions, compensation arises from the physico-
chemical phenomena and from the statistical effects due to errors associated 
with determination of enthalpy [63]. Enthalpy-entropy compensation can be 
expressed by equation 2.6: 
(2.6) 
Where tJ.G p' is the Gibbs free· energy of the physicochemical interaction at a 
compensation temperature (3. 
When the compensation of enthalpy-entropy compensation is observed with a 
family of compounds in a particular chemical transformation, the values of fJ 
and tJ.G p are invariant and f3 called the compensation temperature. The 
linear relationship between t:.H and t:.S suggested that changes in t:.H are 
offset by change in t:.s and thus no change in retention mechanism. Moreover, 
the compensation temperature in reversed phase chromatographic process is 
also determined from the slope of linear plot In kT vs t:.H' according to the 
equation 2.7 [63]. 
M/O(1 1) tJ.Gp InkT =-R T- fJ - RfJ +lnqS (2.7) 
Where the compensation temperature (B) is determined from the slope of the 
plot of In kT vs -tJ.H', and T is the temperature at which the retention factor of 
the solute was determined. This equation relates the compensation 
temperature (13) to the retention factor at some temperature T. 
10 
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Melander et al. [63] plotted the relationship between In kT vs. -I'J,H for 
different mobile phase and solutes and found that all data points fell on the 
same line. Due to this finding, they concluded that the retention mechanism 
was the same, irrespective of changes in the eluent composition. Akapo et al. 
[37] demonstrated a linear relationship between MI 0 and M 0 in the 
determination the enthalpy-entropy compensation. They found that Ml o and 
M 0 depend only on solute structure and both increased with increasing 
number of methylene groups or carbon number for structurally related 
compounds. Balcan and coworkers [83] obtained the compensation 
temperature for surfactants on RP-8 and RP-18 within the 455 - 586 'K range 
from the linear relationship between In kT vs. - 1'J./7. 
2.1.3 Effect of temperature on selectivity 
Chromatographic selectivity of a separation is generally defined as a 
difference in the interaction of two solutes between the mobile phase and 
stationary phase (equation 2.8). 
loga = log5.. = I'J.(I'J.G) 
k, RT 
(2.8) 
k, and k, are the retention factors of eluting solutes, I'J.G is the Gibbs free 
energy of transfer between the mobile phase and stationary phase, R is the 
gas constant and T is the absolute temperature. 
A series of homologues has often been used in RPLC to study the efficiencies 
of column, mobile phase in separations and to characterise stationary phases. 
Issaq [78] studied enthalpic and entropic contributions to solute transfer using 
a homologous series of alkyl benzenes on C1, C4, Cs. C1S alkyl chain bonded 
phase and concluded that the thermodynamic properties were linearly 
correlated with the carbon number regardless of the ligand chain length of the 
stationary phase. He also reported that the standard enthalpy change of 
solute transfer from mobile to stationary phase in reversed-phase 
chromatography of C1, C4 , Csand C1s columns decreased in the order C1S >CS 
.. C4 > C1 depending on the test solute. 
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The effect of temperatures on chromatographic selectivity has been widely 
studied [84, 85). Sander and Wise [86, 87) demonstrated at both elevated and 
subambient temperatures that the selectivity changes of the separation of a 
polycyclic aromatic hydrocarbon (PAH) mixture on monomeric and polymeric 
stationary materials. The selectivity of monomeric materials increased at 
lower temperature and changed slightly until 45'C where it became constant. 
As for polymeric columns, the selectivity decreased with increasing 
temperature and increased with decreased temperature. They classified the 
phase selectivity as a function of temperature by calculating a TBN I BaP values for 
Benzo[a)pyrene (BaP) and tetrabenzonaphthalene (TBN). They also 
investigated the shape selectivity of planar and non-planar (PAH) to estimate 
the parameters that influence retention and selectivity with temperature as a 
result of different interactions between solute, mobile phase and stationary 
phase. They observed that improved separations of isomers occurred at 
reduced column temperature and the largest temperature effects in the 
selectivity changes was for long alkyl chain length stationary phases and 
liquid crystalline stationary phases [88, 89). Cole and Dorsey (90) investigated 
the retention behaviour of PAHs and used n-hexanol as an additive on both 
high and low bonding density of monomeric C18 columns and compared the 
selectivity index aTBNIBaP as a function of mobile phase to classify Sander and 
Wise's results. They also found that van't Hoff plots provided insight into the 
nature of selectivity for PAHs and estrogens isomers. 
The linear solvation energy relationship (LSER) described by Abraham [91, 92) 
and Poole et al. (93) was used to study the effect of temperature on retention 
and selectivity in liquid chromatography. The studies concluded that 
increasing the temperature had the main effect of causing decreased 
retentions due to a reduction in the cohesive energy difference between the 
mobile and stationary phases, in addition to decreasing the hydrogen-bond 
acidity of the mobile phase. Cavity formation for each solute in the mobile 
phase was facilitated at higher temperatures. The researchers found that the 
mobile phase composition had far more significant influence on retention than 
increasing temperature. However, they noted that quantitative changes in 
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selectivity due to varying mobile phase composition were markedly different to 
selectivity changes caused by temperature variation. Li and Carr [94, 95, 96] 
published many work on the effect of temperature on selectivity using 
zirconia-based columns. They found that the selectivity changes with 
temperature depend on natural of the solutes due to differences in solute-
stationary phase [95, 97]. When classical series used like alkylbenzene, little 
changes in the selectivity observed due to similar llHs conversely, when the 
solutes with varied structure, significant variation in selectivity was found. For 
instance, a study by Heinisch et al. [98] that demonstrated the effect of 
temperature in the isocratic separation for different PAHs on silica-based 
column. 
2.1.3.1 Methylene selectivity and transfer enthalpies of molecular 
difference 
Methylene selectivity has often been measured as another means of 
comparing solute transfer in chromatography under specific mobile phase-
stationary phase conditions [29, 72, 99]. Methylene selectivity refers to the 
difference in retention of two solutes that differ structurally by one methylene 
(-CH2) unit, which can be expressed by analyzing a homologous series and 
taking the slope of a plot of In k vs. homologue number as the natural log of 
the methylene selectivity. 
Thermodynamically, selectivity is related to the difference in the free energy of 
retention for a pair of solutes: 
(2.9) 
Where I:J.GO is the free energy of the transfer of a solute from the mobile to the 
stationary phase, R is the gas constant, T is the temperature, and a is the 
selectivity. 
The values of selectivity are useful in comparing different chromatographic 
systems, and particularly for examining any changes in retention 
thermodynamics as a function of stationary or mobile phases. The molar free 
energy of the transfer event is the sum of the chemical potential changes in 
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each of the phases upon transfer of a solute from one phase to the other [100). 
Therefore, differences in selectivity as a function of a given chromatographic 
variable are indicative of changes in the thermodynamics of retention for that 
variable. The use of selectivity is most helpful in the sense it eliminates the 
need to know the phase ratio, that is the volume of the stationary phase 
divided by the volume of the mobile phase of the column, which is normally 
required to determine retention thermodynamics from retention 
measurements as the measured retention factor is the product of the 
distribution coefficient and the phase ratio: 
(2.10) 
Where k is the measured retention factor, K is the distribution coefficient for 
the solute between the stationary phase and the mobile phase, and ~ is the 
phase ratio. 
Recalling the relationship between the free energy and distribution coefficient: 
.6.G = -RTlnK (2.11) 
The free energy of retention can be written: 
.6.G = -RT(lnk-ln~) (2.12) 
The phase ratios are usually not known, and there is no agreement on what 
constitutes the volume of each phase [101, 102). The use of selectivity, rather 
than retention resolves this problem, and allows for calculation of retention 
thermodynamics without explicit knowledge of the phase ratio [99,103). 
The free transfer energy of a methylene group subject to various 
chromatographic conditions was determined using methylene selectivity by 
Tan and Carr [104). Their work included studying the effect on the free energy 
of transfer on different stationary phase chain lengths. They observed that, 
with increased chain length, the free energy approached that observed in 
partitioning of bulk-phase water-hexadecane. They concluded that with 
increased length of the alkyl chain, the retention mechanism became more 
partition-like. Karger et al. used this approach to determine the effect of eluent 
composition on the selectivity of RPLC systems in terms of methylene and 
other functional groups [105). Moreover, other researchers have reported 
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methylene group selectivities are affected differently by changing eluent 
composition compared to other functional group substituents [34, 40, 105]. 
Methylene selectivity and van't Hoff analysis were used to examine the role of 
temperature in reversed-phase separations. Tchapla et al. [34] reported that 
for various members of a homologous series, there is a discontinuity in 
transfer enthalpy and entropy at a solute chain length equal to that of the 
stationary phase. This finding corroborated previous work by the same group 
[29]. The temperature range studied was 25·C-60·C, and linear van't Hoff 
plots were observed. Van't Hoff plots for solute chains shorter than those of 
the stationary phase converged at a common point. The van't Hoff plots for 
longer solutes also converged, yet at a point different to that of shorter solutes. 
Linear van't Hoff allowed for the compensation temperature for each of the 
two groups of solutes to be calculated. A variety of different homologous 
methylene series, were examined and these trends were observed for all 
groups of solutes. 
Sentell and co-workers directly examined the effect of temperature on 
methylene selectivity [106]. They found that, as temperature decreased, 
methylene selectivity increased. They also examined phenyl selectivity as a 
function of temperature using both constrained and unconstrained phenyl 
series and found that temperature has the biggest effect on unconstrained 
phenyl selectivity. McGuffin et al. [107] measured the thermodynamic 
properties for methylene and benzene homologues in reversed phase liquid 
chromatography using octadecylsilica phases and found that !J.H" was small 
and unaffected by temperature for low bonding density whereas !J.H" was 
markedly affected by temperature for high bonding density polymeric 
octadecylsilica phase. 
By expressing the van't Hoff equation for each two adjacent series members 
the CH2 contribution to I1H and I1S can be ascertained as: 
In a = In k -In k J-Mf,:, + Mf; ) )M:. -M; ) = _ !J.,~.W + !J.!J.SO 
1+' 1 RT R RT R (2.13) 
Where a is the separation factor (also called selectivity) between adjacent 
series members and i is the degree of polymerisation of the first oligomer of 
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the pair !!..MlO and ,MS0 are the difference of enthalpy and entropy of the 
transfer of one methylene and can be obtained from the slope and intercept of 
a plot of Ina against 1fT. 
Slo e 81nk -(Ml;+t -Llli;) -M( 
p 80/~ R R (2.14) 
Where Ml; is the partial molar enthalpy of transfer added to oligomer with 
addition one more unit to the oligomer chain. 
Increasing the column temperature and decreasing the amount of water in the 
mobile phase led to decreased methylene selectivity; this was reported by 
Grushka et al. [72), who studied the variation of methylene selectivity with 
temperature using different mobile phase composition. The methylene group 
contribution to I1H of transfer was calculated using two different methods 
(In a vs. 1/T and Lllivs. n). The results of both methods agreed as well as with 
the work of other researchers. The effect of increasing chain length in the 
bonded phase and in liquid-liquid extraction in RPLC was studied by 
Guiochon at el. [108]. They found that methylene selectivity increased in the 
bonded phase, but was constant in liquid-liquid extraction. In that study, 
shape selectivity was measured through phenylene selectivity. The results 
were consistent with the Dill mode for retention [68, 109). 
Wu et al. [110] studied the retention and methylene selectivity between 
piperazine isomers on an ODS column at pH 3.0 and 6.4 in both MeOH/H20 
and ACN/H20 mobile phases. They found that at pH 6.4, the MeOH/H20 
system provided significantly greater selectivity than ACN/H20 system 
because of hydrogen-bonding interaction of methanol. In addition, retention by 
increasing temperature was enthalpically driven in MeOH/H20 while 
entopically driven in ACNIH20 system. However, at pH 3, retention in both 
mobile phases was entropically driven and high selectivity was enthalpically 
driven. 
The relationship between retention factor (k) and number of methylene units 
(n) for homologue in the series of solutes is linear [72)and given by: 
(2.15) 
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Where aCH, the hydrophobic selectivity defined as k.+l I k. and nCH2 is the 
number of methylene groups and ko is the retention factor for the parent 
functional group of the homologous series that defines the series. 
The dependence of k on temperature is given by van't Hoff equation (1.5). 
The change in enthalpy of homologue series is related to carbon number [72). 
(2.16) 
Where8(CH~H,) the enthalpy change per methylene group and MI~ is the 
enthalpy change for the functional group defining the series. Equation 2.16 is 
independent of phase ratio because any temperature dependent change in 
the phase ratio affects the k-values for the individual probes by exactly the 
same factor at that particular temperature, if both probes have access to the 
same stationary volume. 
2.1.4 Effect of temperature on efficiency in liquid chromatography 
2.1.4.1 Van Deemter equation 
The efficiency in an HPLC separation can be modeled using the Van Deemter 
as a way of describing the variance per unit length of a packed column in 
terms of the physical properties of the solute and phase system and the linear 
mobile phase velocity [111) and hence the influence of temperature. 
In liquid chromatography the mobile phase velocity is taken as the exit 
velocity, that is the ratio of the flow rate in ml/second to the cross-sectional 
area of the column flow path. Alternatively, the linear velocity can be taken as 
the ratio of the column length to the dead time. The variance per unit length of 
the column is taken as the ratio of the column efficiency to the column length 
in theoretical plates. 
The Van Deemter equation is a hyperbolic function that predicts that there is 
an optimum velocity at which there will be the minimum variance per unit 
column length and, hence, a maximum efficiency. The Van Deemter equation 
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was the result of the first application [112] of the rate theory to the 
chromatography elution process. 
The plate height of a column can be described by the van Deemter equation 
(equation 2.17), which provides a practical representation of the behaviour of 
an analyte in a packed column. In addition, Giddings [113] and Knox et al. 
[114, 115] have published related band broadening theories. The van 
Deemter equation was derived in 1956 with three main components [112] 
which assume that the individual contributions to plate height are independent 
and additive: 
B HETP =A+-+(C, *u+Cm *u) (2.17) 
u 
Where HETP is the height of a theoretical plate at a given linear velocity u. It 
is defined as the length along the column corresponding to one theoretical 
plate. A is the eddy diffusion term that is a function of the particle size and 
distribution of the interparticle channels. B describes the longitudinal diffusion 
coefficient within the mobile phase. The C term is split into two parts. The 
resistance to mass transfer in the stationary phase Cs and in the mobile phase 
Cm. 
The A term (path dependent term) results from the inhomogeneity of flow 
velocities and path lengths around packed particles. It is proportional to the 
particle size and can be influenced by the column packing technique but not 
linear velocity. A is defined as: 
A=M p (2.18) 
Where dp is the diameter of the stationary phase particle and A is a 
geometrical factor. For well packed beds A will be between 1.5 and 2. The A-
term can be optimised by using good packing techniques and selecting small 
particle diameters. 
The number of theoretical plates in the column is (approximately) inversely 
proportional to the particle diameter. Thus reducing the diameter of particle 
size improved efficiency. 
To explain the effect of particle size in the column performance, Figure 2.1 
demonstrates reduce in the HETP as measure of how well a column is 
packed and is possible with small particles. As the particle size of the packing 
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material decrease, the efficiency of stationary phase increased. Therefore the 
particle diameter can b.e reduced to produce more theoretical plates but 
reducing the column diameter 
reduce the loading capacity. 
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Figure 2.1: HETP as a function of linear velocities for different particle 
size of hybrid phases [116] . 
The effect of temperature on the A-term is uncertain [94] but high temperature 
improves the flow of solute among different flow channels, thus increasing 
efficiency [113]. 
B term defines the effect of longitudinal or axial diffusion, i.e. the random 
motion of the analyte within the mobile phase. It is dependent on the time 
spent in the mobile phase and hence inversely dependent on the mobile 
phase velocity. The variance of the distribution of bandwidth with time can be 
obtained through the Einstein equation (equation 2.19): 
(2.19) 
Where a ' the variance of the distribution of bandwidth, Om is the diffusion 
coefficient and t is the time. The variance of a peak ( a ' ) increases linearly 
with distance L that it has travelled . A plot of the variance against L resulted in 
a straight line and the slope of this relationship is the HETP. Therefore, 
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defined as H '" du ' . However, equation 2.19 describes the diffusion of the 
dL 
solute in the mobile phase and also the time of solute spends in the mobile 
phase. Diffusion in the packed bed of a separation column is slower than in 
neat solvent. To account for the diffusion in a packed bed , the a-term was 
defined as [115): 
B - 2 Dn,1 - 2 Dm - y-- y-L u 
(2.20) 
u is the linear velocity, r, is the obtrusion factor where longitudinal diffusion is 
hindered by packing or bed structure and Om is the diffusion coefficient of the 
solute in the mobile phase and L is length of column. This term contains the 
expression 1/11 , thus as the velocity of the mobile phase decreases, the 
greater will be effects of the diffusion because the time spent in the column 
will increase. 
The C term models the resistance to mass transfer, which can be described 
by two components; the resistance to mass transfer in the mobile phase and 
in the stationary phase. These dispersion effects result from the time 
necessary for a solute to transfer from the mobile phase to the stationary 
phase. The resistance to mass transfer are complex and comprise a number 
of different phenomena like the interact of solute with stationary phase by 
adsorption or adsorption kinetic, thought the stagnant mobile phase in the 
pores to the stationary phase on the intemal surface of the packing and after 
transport into the mobile phase. Consequentially, a spreading effect on the 
band occurs in the mobile phase and in the stationary phase respectively 
[112,113, 115, 117). Equation (2.21 A, 2.21 8) show the two functions 
proposed by van Deemter to describe the resistance to mass transfer. 
J, (k)d~ 11 
Cm = (2.21 A) resistance to mass transfer in the mobile phase 
Dm 
f2 (k)d} 11 
C = (2.21 B) resistance to mass transfer in the stationary phase 
.< D 
t 
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Where k is the retention factor, d r is the film thickness of the stationary phase , 
Om and Os are the diffusion coefficients in the mobile phase and stationary 
phase respectively , J; and J; are the functions of the retention factor. 
In the mobile phase, the mass transfer proportional to square of the channel 
thickness between the particles which are related to the particle size and 
inversely to the diffusion coefficient in the stationary phase. Hence, resistance 
to mass transfer resistance decreases in high linear velocities when the 
diffusion of the solute increases in the mobile phase and the stationary phase. 
Thus for a packed bed with porous particles, the van Oeemter equation as a 
whole can be expressed as in equation (2.22): 
H =2A.d +2:1.1)., +(J; (k)d! +f, (k)d;)u 
P U Dm Ds 
(2.22) 
This equation indicates that the diffusion processes in the mobile phase have 
an important effect on the plate height. When the mobile phase is used at high 
temperatures, the diffusion rate will be increased and hence chromatographic 
efficiency and optimum linear velocity Uopt will be affected. The optimum linear 
velocity can be derived from differentiation of the van Oeemter equation 
(equation 2.17) with respect to (u). 
and equating to zero, 
Hence 
dH B 
-=--+c du l/ ' 
B 
--+c= o 
u' 
u - Is _ D [ 2Y + D, ] 
OP' -Vc - m J; (k}d~ f, (k}d; 
(2.23) 
(2.24) 
(2.25) 
From this equation, it can be seen that the Uopt is dependent on the magnitude 
of the diffusion coefficients in the mobile phase and stationary phase. 
Therefore, the use of a higher column temperature will increase Uopt by 
increasing Om and Os. 
Figure 2.2 shows a diagram of the additively of the three terms in the van 
Oeemter equation. It can be seen that the B term is dominant at low flow 
velocities while the C term is dominant at high flow velocities. The minimum of 
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the van Deemter curve represents the ideal flow velocity where maximum 
column efficiency is obtained; it is a compromise between the Band C terms. 
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Figure 2.2: Diagram showing the additivity of the three terms of the van 
Deemter equation [1181 
For most analyses, it is desirable to operate at velocities well beyond the 
optimum. If the C term is minimized, band broadening (HETP) at higher 
velocities is minimized. 
To generate a van Deemter plot, height equivalent to a theoretical plate 
(HETP or H) is plotted against average linear velocity (iJ) . H is calculated from 
column efficiency, N. 
HETP =~ 
N 
Where L is the column length in mill meter or centimeter and N is the efficiency. 
22 
I 
I 
I 
I 
Chapter 2 Introduction 
The efficiency (N) is given by equation: 
N=5.54(~J (2.27) 
Where tf is the retention time in minutes and Wh is the width at one-half the 
height of the peak and represented also in minutes. A common method is 
based on the peak width at half the peak height. 
Linear velocity (P) is reported in mm/sec and is classically calculated from the 
dead volume (to) which is the time for the elution of an unretained compound 
e.g. uracil and column length (L) in millimeters as in equation 28. 
L p=-
to 
2.1.4.2 Effects oftemperature 
(2.28) 
Temperature has an impact on the efficiency of separations. In 1971, Schmit 
et al. [13] reported a twofold increase in efficiency at high temperature 
compared to ambient temperature which they ascribed to the drop in the 
mobile phase viscosity and hence an increase in diffusion rate. A similar 
increase in efficiency was achieved by increasing column length fourfold. 
Knox and Vasvari did not find temperature dependent in the plat height at 
specific reduced velocity for studied solutes on both Perrnaphase ODS and 
ETH columns [119]. Therefore, they reported that the increase in efficiency 
must result from a decrease in the diffusion coefficient and not by a change in 
the properties of packing material in the small temperature range. Others 
provided similar reports of increases in efficiency with temperature [120, 121, 
122]. For example, in 1987, Yang and Verzele [123] studied the efficiency of 
neutral hydrophilic groups on a polystyrene-divinylbenzene stationary phase 
modified by covalent bonding. They showed that an increase in the slope of 
the H vs u curves with the number of hydroxyl groups demonstrating that, the 
effect of temperature on efficiency becomes larger for compounds having 
higher hydroxyl group content. Later, in 1992, Liu et al. [124] found that 
preheating the mobile phase to the column temperature gave the best 
efficiency and that the efficiency increased at elevated temperatures for an 
open tubular capillary column. As for Horvath and Antia [15], they explained 
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that the increase in efficiency as being due to an improvement in solute 
diffusivity at elevated temperatures. 
In 1993, Chen and Horvath [125] published experimental data for the 
separation of the proteins, which supported the theoretical analysis by Antia 
and Horvath [15]. It was proposed that the most important advantages of high 
column temperatures derived from the low mobile phase viscosity and the 
concomitantly increased solute diffusivity, reduced column back pressure and 
accelerated sorption kinetics. Moreover, elevated temperatures brought an 
enhanced solubility for substances which were not soluble under ambient 
conditions. 
In the same year, Antia and Horvath [15] published a theoretical consideration 
of the effect of temperature on efficiency for the separation of large molecules. 
Their theoretical assumptions depended on the analyte having a constant 
retention factor (k= 3) over the temperature range and on slow sorption kinetic 
for large molecules. In addition, due to the influence on chromatographic 
performance of the mobile phase properties, they assume that the mobile 
phase had the properties of water throughout the temperature range and that 
the structure of the column packing was invariant with temperature. They 
proposed an increase in efficiency with an increase in temperature for large 
solutes as a result of enhanced diffusivity and faster sorption kinetic at 
elevated temperatures. 
Elevating the temperature from 50 to 175 'C in studying one of the polymer 
additives named Irganox 1076, Molander [31] found that the efficiency was 
the best at 100 ·C. This is thought to be a contribution of extra-column dead 
volume to the plate height at temperatures above 100 'C, where above this 
temperature, the solute had low retention and the relative contribution to band 
broadening from extra-column dead volumes increased rapidly at higher 
temperatures. 
Greibrokk and Andersen also studied the influence of temperature 
programming in temperature range of 25 to 120 'C in small RP columns [97]. 
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This study discussed the positive influence of temperature programming on 
reduction of analysis time and. improvement in peak shapes and the 
achievement of higher efficiency. 
For basic analysis, McCalley also reported similar conclusion with respect to 
improvement efficiency and peak shape at increased temperature of column 
and mobile phase (126). 
Carr and co-workers [96, 127, 128) studied the high temperature on 
thermostable zircona based columns and found that high temperature could 
improve the column efficiency by 30 % mainly by accelerating the solute 
diffusion rate in the stationary phase. They also claimed faster separation of 
50 times for alkylphenones at high temperature. For example, Li et al. (96) 
separated a group of polyaromatic hydrocarbons in high flow rate at high 
temperatures up to 200 'C on PBD- Zirconia column without losing resolution 
and with an improvement in peak asymmetry. 
With the lowered viscosities at elevated temperatures it was found that high 
efficiency could be obtained by coupling columns in series. Eight aDS 
columns at 80°C could generate 180,000 effective plates for the analysis of 
pharmaceutical and environmental samples with a pressure drop only 350 bar. 
(129). 
A theory based on loss of efficiency with increased temperature has been 
published later by Warren and Bidlingmeyer (130). They reported that 
increasing the temperature from 35 'C to 65°C for acenaphthene and dibutyl 
phthalate caused higher H values at all flow rates used. They attributed this 
negative impact of increased temperature on efficiency to a radial thermal 
gradient. Therefore, they concluded that improvements in efficiency for 
reversed phase separations were not as a consequence of elevated 
temperature. 
Horvath and Un (131) studied the factors that affect band spreading of related 
compounds by evaluating the individual plate height contributions to the 
overall plate height. They demonstrated the effects of the retention factor on 
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the various plate height contributions at a fixed flow velocity. They also found 
evidence that kinetic resistance plays a significant role in band spreading, 
particularly for highly retained solutes. Increasing retention factors increased 
the resistance to mass transfer and kinetic contribution to plate height as well 
as decreased the contribution of extra column effects. 
In optimizing the efficiency of separations, Brandt et al. [132] found that they 
could improve the resolution for a mixture of three dyes by cooling the eluent 
to a certain temperature below the column wall temperature. They found three 
reasons that affects on the distortion of eluting bands which were the 
fractional heating, inhomogeneities of the column packing and the heat leak in 
the distribution system in the inlet and outlet of the column. However, the 
contribution of the frictional heating and packing inhomogeneities was less 
. significant than distribution leak. 
Molander at el. [133] found that the efficiency in the Hypersil aDS column was 
inversely proportional to the column inner diameter. This makes the capillary 
columns generally more functional towards temperature gradients than the 
larger bore columns with respect to chromatographic efficiency. In addition, 
the capillary columns possessed higher robustness towards temperature 
programming than the conventional columns. He also found that the use of 
mobile phase pre-heating for the larger bore columns can be avoided by 
starting the temperature gradients close to ambient. 
2.1.4.3 Radial thermal gradients within columns 
The effects of radial thermal gradients on column performance are the subject 
of a vast number of papers. Halasz and co-workers [134] and Poppe et al. 
[135] reported that radial thermal gradients are due to fractional heating and 
they showed that under ambient temperatures, the inner core of the 
separation column is warmer than the wall region by 0.5 to several degrees 
centigrade depending on the mobile phase and pressure drop. This proposal 
was the reason for additional band broadening which resulting from two 
mechanisms, a viscosity gradient and a retention factor gradient assuming a 
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constant pressure drop across a section of the column. The viscosity gradient 
causes a higher linear flow velocity for the mobile phase in the centre of 
column than in the wall. The retention factor gradient on the other hand which 
affected through temperature dependence of retention factor causes greater 
non-uniformity in the migration velocity of retained compounds. 
A few authors also reported the negative impact of temperature on efficiency 
[22,118, 136). For example, Poppe et al. [135, 136) attributed the negative 
impact temperature to radial thermal gradient that exist for thermostated 
column if the eluent temperature is not equal to the temperature of the outlet 
of the column. They examined efficiency in two cases, for different mobile 
phase viscosities on a thermostated column and when the temperature in the 
thermostated column was similar to mobile phase. In the first case, they found 
a much smaller efficiency for less viscous mobile phases and conclude that by 
changing the mobile phase viscosity, the diffusion coefficient will change, thus 
the plate height will be different. In the second case, the parabolic shape of 
the temperature profile led to a uniform temperature in the core of column. 
Mayr and Welsch [138] support the finding of Poppe and Kraak by 
investigating an effect of viscous heat dissipation within 1.5 Ilm non-porous 
silica particles at high flow rates. This led to high pressure drop and viscous 
heat formation because of a radial difference of mobile phase viscosity, 
diffusion coefficient and retention factor which affected the peak shape and 
performance of the separation. They also reported that improvements in 
efficiency could be obtained by thermostating the eluent below the column 
wall temperature. These negative effects found at low column temperature 
(40 ·C). 
Schrenker et al. [1381 found that at relatively high linear velocities (- 0.5 
cm/sec) efficiencies decreased by 30 % at 40 ·C and 90 % at 80 ·C for 
columns in an air thermostat. This dramatic decrease in efficiency was 
attributed to the occurrence of axial temperature gradients across the width of 
the column. Therefore, they investigated the effects of mobile phase 
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preheating before it reached the column inlet by using a small volume heater 
exchanger (less 2 IJI) between the injector and the column. This column 
thermostat design gave high efficiency and adjustment of the heat transfer in 
the mobile phase heater and produced identical temperature of the mobile 
phase to column temperature. Thus axial and radial temperature gradient is 
minimised. 
Abbot! et al. [139] proposed that there was a radial thermal gradient at 
elevated temperatures generated by a mismatch between inlet fluid and 
column temperature. They found that the direction of the radial thermal 
gradient depends on the respective difference between the inlet fluid 
temperature and the column temperature, whereas the magnitude of this 
thermal gradient will be largely dependent on the flow rate of the mobile 
phase and the size of the column bore. 
Figure 2.3 A illustrates viscous heat dissipation leads to rise temperature in 
the centre of the column relative to the column walls. This will cause of formed 
a parabolic shaped radial thermal gradient. However, the use of eluent 
. temperature lower than that of the column wall has been proposed as an 
effective technique to compensate for radial temperature gradients, thereby, 
avoiding the associated loss of efficiency [135, 137]. 
Welsch et al. [140] reported that the use of mobile phase temperature below 
the column temperature for water and air bath thermostated columns can 
improve the performance of the separation by creating negative radial 
temperature gradients in the first part of the column (Figure 2.3 B), which is 
compensated for the radial temperature profile in the column, thus reducing 
band broadening as a result of different flow velocities. However, an optimum 
temperature difference exists between the mobile phase and column wall 
where difference flow velocities of each thermal gradient are offset. 
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Figure 2.3: Radial thennal gradients due to fractional heating generated 
by differences in eluent temperature compared with column temperature. 
(A) Inlet mobile phase temperature equilibrate to column wall 
temperature; (8) Inlet mobile phase below column wall temperature. 
Wolcott and Dolan found that more efficient separations and peak shape with 
gradient elution when the temperature in the mobile phase is similar to the 
column temperature [141]. In another paper, Wolcott et al. [142] summarised 
the difficulty of accurate temperature control in high temperature liquid 
chromatography from the other previous study. They found that using the 
preheating mobile phase to the same temperature as the column temperature 
was preferable because it gave good efficiency and peak shape separation if 
the fractional heat effects are inSignificant. 
2.1.5 Superheated water chromatography (SWC) 
One application of using temperature in HPLC is to reduce the retention and 
increase the efficiency. It is also to reduce or eliminate the organic modifier in 
the eluent and still achieve the same overall retention times. The extension of 
this approach leads to the use of mobile phases containing no organic 
modifier in which the separation is carried out using high temperature or 
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superheated water and making use of changes in the unique properties of 
water with temperature. 
Superheated water that is water above 100'C but below the critical 
temperature, 374 'C and pressurized with enough pressure to maintain the 
liquid state can be used as a chromatographic mobile phase (143). The work 
based on its use as an extraction medium was first reported by Hawthorne 
and co-workers (5). They demonstrated the quantitative extraction of PAH's 
from soil using superheated water, and the ability to tune the selectivity of the 
extraction by changing temperature and pressure. Further work by Yang and 
co-workers showed the ability of superheated water to extract PCB's (144) as 
well as extractions of various polar organic compounds at different 
temperatures and pressures (145). Bone and Smith demonstrated the use of 
superheated water as an eluent for removing solutes from solid phase 
extraction sorbets (146). Many other groups have also explored superheated 
water as an extraction medium, and a review on the use of superheated water 
extraction has recently been published (147). 
2.1.5.1 Effect of temperature on hydrogen bonding 
The structure of water at high temperature especially at supercritical point is 
different from that of ambient temperature. As supercritical water is highly 
compressible, small changes in pressure can produce significant changes in 
density which, in turn, affects diffusivity, viscosity, dielectric, and solvation 
properties, hence considerably manipulating the kinetics and mechanism of 
chemical reactions in water (10). The hydrogen bond network in water is 
significantly changed with an increase in temperature. With an increasing 
temperature and decreasing density, the hydrogen bonding in water becomes 
weaker and less persistent. However, it has been found that a reduced but 
non-zero extent of hydrogen bonding exists in high temperature water as well 
as in supercritical temperatures (9). For example, Nakahara et al. (148) 
concluded that hydrogen bonds persisted in supercritical water while 
performing NMR measurements on pure water in order to extract the 
rotational correlation time t2R of water (020). 
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In recent years, Tassaing et al. [8] found that in supercritical water (T=380 ·C, 
P= 25-50 bar) only monomeric water was detected. Then, by increasing the 
pressure from 50 to 250 bars, the dimers and trimers appeared while on 
decreasing the temperature from 250 to 25 ·C larger size of oligomers 
emerged. At temperatures lower than 200 ·C, the hydrogen bond network 
progressively appeared. 
It has been found that in supercritical state, the tetrahedral arrangement of 
water molecules observed in liquid water vanishes. Thus, the number of 
hydrogen bonds per water molecule which about 3.5 in the liquid state 
decrease to about 1.8 in dense supercritical water [8]. The tetrahedral 
structure of liquid water causes the coordination number to be about 4.5 at 
ambient conditions. In addition, the coordination number of pure saturated 
liquid water increased from 4.5 at 300 K to 5.9 at 473 K and decreased 
towards the critical point [7]. As the temperature is increased, the hydrogen 
network gradually collapse and the molecules in the first shell become freer to 
reorient leaving room for other molecules. This collapse increased the 
coordination number. However, it was found at temperatures larger than 500 
K, the coordination number decreased due to a decreased in density [7]. The 
most unusual change in structure is in between 373 and 473 K where the 
second peak in the oxygen-oxygen distribution function shifts from 4.5 to 5.5 
A and become smaller. Furthermore, at 473 K, the changes indicate that the 
extended hydrogen bond network is largely destroyed. Hence, 
thermodynamically, as the hydrogen-bonding changes at high temperature, 
the entropy which associated with retention changes also changes with 
temperature. At low temperature, where the mobile phase is water with 
hydrogen-bonding, there is a favorable entropy change during the retention of 
solutes in chromatography because of hydrophobicity [7]. 
In high water temperature, the retention is entropically driven with little or no 
hydrogen bonding. Water at ambient condition has positive LlG, smaller 
magnitude in LlH and LlS becomes negative due to ordering of water. At 
increased temperature, the tetrahedral hydrogen bonding network is disrupted 
and thus LlS increased in magnitude and becomes negative. In hydrophobic 
interaction in reversed chromatography at low temperature or low volume 
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fraction of organic modifier, the retention increased due to increased entropy 
and decreased enthalpy. However, at increased temperature, the retention 
decreased because of increased enthalpy by increased of temperature and 
decreased entropy [149]. 
2.1.5.2 Effect of temperature on relative permittivity (Dielectric constant) 
Water at room temperature has a highly hydrogen-bonded structure and high 
permittivity as we" as high polarity and hence it is a weak solvent for most 
organic solutes [6, 150]. As the temperature of liquid water is increased, its 
relative permittivity dramatically decreases because of the breakdown in the 
hydrogen bonding structure by temperature [5, 143, 146, 147, 151, 152]. In 
the temperature used for superheated water, dielectric constant values for 
water are similar to those of water-methanol or water-acetonitrile at room 
temperature (Figure 2.4) and it as able to dissolve less polar analytes. 
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Figure 2.4: Dielectric constant of water as a function of temperature. 
Points on the curve that correspond to mixed mobile phases at room 
temperature [143]. 
The same curve as in Figure 2.4 was computed earlier by Akerlof and Oshry 
[154] between 273 and 573 'K using Wyman's equation: 
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(2.29) 
Where the constants are equal to: A, 5321 (K'); B, 233.76; C, -0.9297 (K'r1; 
D, 0.001417(K,)"2 and C, 0.0000008292 (K')-3. T is the absolute temperature 
in degrees Kelvin. 
The reasons for the lowering of the relative permittivity with temperature have 
been proposed by many models [154]. For example, Pople [156, 157] used 
Kirkwood theory essential based on hydrogen bonding of the associated 
water molecules. This theory was appropriate for water from 0 - 83 'c but it 
insufficient above 83 'C. Haggis et al. [157] calculated the statistics of the 
relative permittivity constant of water. The number of hydrogen bonds broken 
p (%) were calculated at different temperatures and correlated with the 
calculation and experimental value for water relative permittivity [159]. As a 
consequence of the systematically reduction in the relative permittivity [159] 
the solubility of organic compounds particularly aromatic or contains polar 
groups is higher in superheated water than water at ambient [5]. As a result, 
the solvent strengths for conventional mobile phases are equivalent to 
superheated water at different temperature [6,153,160]. 
Using the linear solvation energy relationship (LSER) described by Abraham 
[92], Pawlowski and Poole examined the influence of temperature in the range 
of 75-180 'c on the solvatochromic properties of superheated water on a 
porous polymer sorbent PLRP-S column [161]. Their observations indicated 
that, at elevated temperature, water's ability to hydrogen-bond decreases. 
They compared superheated water to the water-organic mixtures used in 
typical reversed-phase chromatography, and found that the two systems were 
complementary, that is, their solvatochromic properties are different. As such, 
they concluded that superheated water chromatography should be used as a 
complement to, rather than a replacement of, traditional reversed-phase 
chromatography. Their rationale was based on changing chromatographic 
selectivity. A second solvatochromic study of superheated water was carried 
out by Lu and co- workers [162], although they studied superheated water as 
a reaction medium, rather than as a chromatographic mobile phase, their data 
is directly applicable to superheated water chromatography. Using Richardt's 
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solvatochromic approach [163], they showed the ET{30} polarity value of water 
decreased with temperature, similar to the decrease seen as an organic 
modifier is added to water at room temperature. In addition, they observed 
changes in the dipolarity/polarizability and hydrogen bond acidity of water as 
temperature was increased, which suggested that the polarity of water 
decreased as the temperature was raised. 
2.1.5.3 Effect of temperature on viscosity 
Increasing the temperature reduces the viscosity and surface tension of water 
because of increase internal energy and weakens intermolecular force 
between molecules [164, 165]. Lowering the surface tension will reduce 
retention in reversed phase chromatography and decreasing the viscosity will 
improve mass transfer [166]. The viscosity decreases according to the 
expression given below [113] 
(2.30) 
11 is the viscosity, a and b are specific constant depend on solvent used and T 
is the absolute temperature. Moszynski [167] measured the viscosity of 
superheated water and found that at a water temperature of 200 ·C, the 
viscosity of water was less than 20 % of it's value at ambient temperature. 
Viscosity controls two critical parameters in LC; the diffusion rate {Dm} and the 
pressure drop across in the column (I1P). According to the equation 31, a less 
viscous solvent will produce a lower pressure drop across the column and 
thus allow the use of high linear velocity. 
Thus 
Where: 
6p = 1000 FI1L 
1r r'd' p 
Md' 
u=--p 
rp LI1 
(2.31) 
(2.32) 
IlP is the pressure drop, F is the flow rate, 11 is the viscosity, L is the column 
length, r is the column radius and dp is the particle size. This equation 
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illustrates the possibility of reducing the pressure drop by increasing 
temperature. 
Reducing the viscosity can also increase mass transfer rate of the solute in 
the mobile and stationary phases and thereby affects in efficiency. Therefore, 
the increase of temperature significantly decreases the C-term (van Deemter 
equation) and the lower back pressure which allows use of a higher linear 
velocity, thereby enabling a decrease in analysis time in high efficiency. 
Figure 2.5 illustrates the change of viscosity for different mobile phase 
composition with temperature. 
. 2 12 
Water 
50/50 ACNI water 
1.0 MeOll ' .0 
< ACN (jj' 
0 0.8 0.8 0 
UI 
~ 
_ D.e 0.0 
0 
J! 
0 .. 0.' 
0.2 02 
0.0 0.0 
40 05 gO 15 '40 .e5 .90 
Temperature CC) 
Figure 2.5: Solvent viscosity at different temperature, from ref. [125]. 
2.1.5.4 Effect of temperature on diffusion coefficient 
Chromatographic separations involve the transfer of solutes between the 
stationary and mobile phase. There are a number of empirical correlations for 
estimating the diffusion coefficient in the mobile phase [168, 169, 170] 
however, the Wilke-Chang equation [171] is probably most widely applied and 
known in liquid chromatography. 
~'¥ MW "r D(cm' / s)= 7.4 " J 0-8 8 8 ('7" V;, ) (2.33) 
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where If! B is the solvent association factor (2.26 for water, 1.9 for methanol, 
1.0 for non-associated solvents), MWB is the molecular weight of solute, T is 
the absolute temperature, 11 is the viscosity of the mobile phase and VA is the 
molar volume of the solute (calculated from the molar mass (g mor1) divided 
by the density (g cm·3)). This equation obviously shows that the effect of 
temperature on the diffusion coefficient of the solute in the mobile phase can 
be significant. 
The temperature dependence of the diffusivity and viscosity in the mobile 
phase can be represented by equation (2.34) 
D = D .I...- 112' 
m m.2' 298 . 11 (2.34) 
Where Dm•25 and 112' are the molecular diffusivity and viscosity at 25 'C, T is 
the absolute temperature . 
. , 
Table 2.1 illustrated the effect of high temperature on diffusion coefficient for 
selected analytes. 
Table 2.1: Comparison of the diffusion coefficient for phenol and 
acetophenone in different viscosity water mobile phase using Wilke-
Chang equation, data taken from reference [172]. 
D 
Solute H2O H 2O H 2O 
100 'C 160 'C 200'C 
Phenol 4.63 8.59 12.0 
(Mw! = 94.1128) 
acetophenone 3.91 7.25 10.1 
(Mw! = 120.1506) 
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2.1. 6 Applications of superheated water chromatography 
The first report on the use of superheated water as a chromatographic mobile 
phase was from Smith and Burgess [172], although there is an earlier report 
by Guillemin et al. [173] using thermal aqueous liquid chromatography [ 174]. 
Smith and Burgess demonstrated the use of superheated water as a mobile 
phase, up to 210'C, as alternative to methanol-or acetonitrile-water mixtures. 
They separated a number of test solutes ranging from polar solutes, such as 
amides and phenols, followed by less polar aldehydes and ketones on a 
polystyrene-divinylbenzene column, and described the benefits of 
superheated water as a mobile phase in terms of solute detection and 
analysis cost. They also demonstrated that superheated water could resolve a 
series of paraben homologues at 210 ·C depending on the basis of their 
hydrophobicity [175, 176], and separate a mixture of five barbiturates at 200 
·C [175]. In a separate report, they extended their study to the use of C18 
column which gave good results compared to that of PS-DVB column [177]. 
With these COS silica columns, the analytes could be eluted at low 
temperature i{ '" <40-50 ·C). As expected, they found that the silica based 
columns suffered from degradation at high temperature compared to PS-DVB 
columns. Thus, it was suggested that prolonged use of COS-silica columns 
may result in some loss in retention and instability of silica based bonded 
phase. Smith and co-workers have also published a review article [177] 
describing the theoretical and instrumental aspects as well as some 
applications of separation in superheated water. 
However, Chienthavorn and Smith [178] investigated the use of buffered 
superheated water as a mobile phase for RP-HPLC to suppress the ionization 
of analytes in order to improve peak shape and reproducibility. They were 
able to determine the pKa values of a variety of sulfonamides at temperature 
gradient ranging from 70 -190 ·C at pH 3, 7 and 11. The use of buffered 
superheated water as a mobile phase was also demonstrated by Teutenbuerg 
and co-workers [179], who investigated the pH dependence from 11.5 to 3.5 
on PS-DVB column for a variety of anticancer drugs. The best separation was 
achieved at pH 3.5 and a temperature of 150 ·C. 
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Superheated water with addition of organic modifier has also attracted the 
chromatographer in order to reduce the high temperature. Pawlowski and 
Poole [161] studied the effect of temperature between 75 -180 ·C on the 
solvation properties of superheated water on a porous polymer sorbent RP-S 
column. In their study, water containing 1 % (vlv) acetonitrile was used to 
maintain the peak shape of all the separated solutes. A comparison of RP-
mobile phase was shown that 1 % acetonitrile at 180 ·C corresponded to 15-
25 % acetonitrile-water, 25-35 % propanol-water, or 50-60 % methanol-water 
at ambient temperature. However, the reduction in retention by increasing the 
temperature of 1 % acetonitrile-water is different from that caused by 
increasing organic solvent composition in all three mobile phases studied. 
Kondo et al. [180] modified superheated water with dimethylsulfoxide (OM SO) 
to separate a range of polar, relative polar and non-polar (hydroxybenzenes, 
phenol derivatives, BTEX and PAHs) on an 00S2 column. They found that, 
on increasing the temperature of the eluent, less OMSO was required to 
achieve a similar retention for a given solute. However, BTEX and PAHs 
required a greater temperature increase to achieve the same retention 
resulted by a 1 % decrease in the OMSO concentration in the mobile phase. 
There are numerous chromatographic advantages that result from working at 
high temperature. These include increases in speed and improvements in 
efficiency. Van and co-workers demonstrated improvements in both 
throughput and efficiency with high-temperature chromatography [16]. Yang et 
al. [166] also investigated improvements in efficiency at higher temperature 
with pure-water mobile phases. They observed a maximum of efficiency 
around 100 - 120 ·C. However, they did not examine the effect of flow rate on 
efficiency at higher temperature. All of their works were performed at a flow 
rate either 0.2 or 1.0 mUmin. Because the optimum linear velocity increases 
with temperature [16], examining effiCiency as a function of temperature 
without examining flow rate is flawed. It is possible that observed effiCiency 
may decrease at higher temperature, simply because the optimum mobile 
phase velocity has shifted. 
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Yang et al. [181] investigated the retention of phenols, anilines, and 
alkylbenzenes on a variety of stationary phases using superheated water as 
the mobile phase. They compared the use of superheated water to similar 
separations at room temperature with hydro-organic mobile phases. They 
found that at elevated temperatures, the use of a superheated water mobile 
phase resulted in retention comparable to using 40-70% organic modifier. 
Stationary phases of poly (styrene-divinylbenzene), alumina, and C18 bonded 
silica were studied and they found that the alumina stationary phase was the 
least retentive, while the polymer phase was the most retentive. They also 
found that, retention times for non-polar compounds such as benzene, 
toluene, ethyl benzene and m-xylene (BTEX) were longer than those of 
chlorinated phenols and aniline. 
Yang and co-workers published another report examining elution from several 
different sorbents that could be used as stationary phases [164]. They 
compared glass beads, alumina, Florisil, C18-silica, and a polymer resin. They 
found that at lower temperatures superheated water could elute solutes from 
glass beads, Florisil, and alumina, while higher temperatures were required 
for C1s-silica and the polymer resin. They described retention on the different 
sorbents in terms of the different intermolecular interactions causing retention. 
Another stationary phase comparison study was performed by Young and co-
workers [182] where they examined a variety of different silica based 
stationary phases, and applied their study to sub critical water extraction. 
Wilson also published a comparison study of stationary phases to separate 
five model drugs using superheated water chromatography at different 
temperatures up to 225 'C [183]. In this report, two types of silica based 
materials (BOS Hypersil and XTerra), zirconia based, and polymer based 
stationary phases were studied. The use of porous graphitic carbon was also 
examined and it demonstrated a Significantly selectivity difference to the other 
phases studied. The carbon phase (PGC and ZirChrom CARB) and polymer-
based phase required high temperature to elute drugs with superheated water. 
However, silica-based material named XTerra RP-18 gave good separations 
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with excellent peak shape up to 165 ·C but BDS-Hypersil phase was not 
robust and degraded in a short time. 
The stability of zirconia columns coated with polybutadiene (PBD) at high 
temperature has attracted the chromatographer to further investigate with 
superheated water conditions. McNeff et al. [184] compared the separation of 
five phenols with acetonitrilelwater at 30 ·C and 80 ·C and with superheated 
water at 200 ·C. This column was more efficient than a polymeric column and 
was stable up to 200 ·C. This stationary phase was also used by Field et 
al. [185] to evaluate the chromatographic separation for the separation of high 
molecular weight steroids including testosterone. They found that a unique 
selectivity was obtained with the superheated water mobile phase using 
zirconia stationary phase system. Kephart and Dasgupta also performed 
capillary-scale separations using zirconia stationary phases [186]. They 
packed polymer- and carbon-coated zirconia particles into fused silica 
capillaries, and carried out separations at elevated temperature. They found 
that, at high temperature, the fused silica capillary would fail due to silica 
dissolution. This problem was solved by placing a silica saturating column 
before the analytical column, which eliminated dissolution of the capillary. 
Their system was operated at temperatures up to 370 ·C and at pressures up 
to 10,000 psi. 
Yang et al. [166] studied the effect of high temperature in superheated water 
on peak width and efficiency of zirconia-PBD, Zorbax RX-C8, PS-DVB and 
Hypersil ODS stationary phases. They found that the retention and peak width 
of polar and chlorinated compounds were reduced by increasing temperature 
from 60 to 160 ·C. However, the efficiency of columns in superheated water 
were either improved or unchanged from 60 to 120 ·C but decreased with 
increasing temperature to 160 ·C. 
There are a variety of instrumental considerations that must be addressed 
when using superheated water as a chromatographic mobile phase [18,143]. 
One of the primary concems is heating the mobile phase before it enters the 
analytical column. If a significant temperature difference exists between the 
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stationary phase and the incoming mobile phase, band broadening can result 
[16]. This problem is often addressed by adding a pre-heating coil or heat 
exchanger in front of the column. A second issue that must be addressed is 
the volatility of the mobile phase. Because the mobile phase will be above its 
atmospheric-pressure boiling point, back-pressure must be added to the 
system to prevent the mobile phase from boiling on-column. This is often 
achieved by placing a restrictor or pressure regulator downstream from the 
detector. However, one must be careful and ensure that the detector flow cell 
is able to withstand the added pressure without being damaged. The operator 
must be careful to ensure that the column is uniformly heated; otherwise band 
broadening due to radial thermal gradients in the stationary phase may result. 
The use of narrow-bore or capillary columns will improve heat transfer into the 
stationary phase, and may increase chromatographic efficiency. 
Another instrumental issue that must be addressed is the stability of the 
stationary phase at elevated temperature. Polymer-based phases 
demonstrated the greatest stability under superheated water chromatography 
conditions [189]. Yarita and co-workers also examined the stability of polymer-
based and silica-based phases [189] by carrying out a durability test, and 
again found the polymer-based phases to be more stable. They found that the 
C18 groups on the silica-based phases cleaved at high temperature during the 
separation of phenols. Burgess [172] has compared the stability in 
superheated water among a different stationary phases including PGC, PS-
DVB, zirconia-PBD and silica-ODS. As expected, silica-based material is the 
least stable at high temperature meanwhile PS-DVB columns was found to be 
the most stable. Zirconia-PBD phase was less retentive compared to PS-DVB 
and gave good separation, but PGC column showed less efficiency though 
was promising. 
The coupling of subcritical water extraction to superheated water 
chromatography has also been demonstrated. Tajuddin and Smith developed 
an on-line extraction/chromatography system [190] in which solutes were 
extracted with superheated water collected onto a cold polystyrene-
divinylbenzene trap, and sequentially released by raising the temperature. 
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Fractions were then separated on a polystyrene-divinylbenzene column with a 
superheated water mobile phase. A similar off-line coupling of extraction and 
chromatography was demonstrated by Lamm and Yang [191]. They examined 
the effect of solvent volume and temperature on solute recovery. Both of 
these systems have the advantage of eliminating the use of organic solvents 
for extraction. 
The use of a pure-water mobile phase allows for detection schemes not 
available with mixed mobile phases. Most notable is the use of flame 
ionization detection (FID), which is a much more universal detector than the 
UV-Vis absorbance detection commonly used in HPLC. Several reports of the 
use of FID with superheated water chromatography have appeared in the 
literature. Miller and Hawthome [192] described an instrumental setup for 
using FID with conventional HPLC columns. They used flow rates of up to 
only 0.2 ml/min to avoid swamping the detector. They demonstrated 
determination of ethanol in a variety of alcoholic beverages with their 
instrumentation. Ingelse and workers [193] also described HPLC-FID 
instrumentation, and applied it to the determination of mixtures of alcohols. 
They first optimized the FID in the flow injection analysis (FIA) mode in 
conjunction with aDS silica and carbon columns. In FIA mode, they found that 
with water flow rates. of 100 III min"' or higher, the use of a wide bore FID jet 
resulted in an improved stability and decreased sensitivity to FID signal. They 
attempted to use buffered mobile phases with FID, but found that the addition 
of buffers to the mobile phase reduced the sensitivity of the alcoholic 
beverages with their instrumentation. Yang et al. [194] described an HPLC-
FID system in which the eluent was split after exiting the column but before 
the detector. Their apparatus has the advantage of using much higher flow 
rates as compared to setups in which the mobile phase is not split. They used 
PGC (Hypercarb) and PS-DVB (PRP-1) columns to separate several 
carbohydrates, carboxylic acids, and amino acids. They were able to use flow 
rates of up to 1.24 ml/min without disrupting the FID. Hooijschuur and co-
workers developed a FID interface for superheated water chromatography 
that uses an eluent-jet interface [195], which, when compared to a 
nebulization interface, showed a larger detector response. 
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Wu and co-workers (196) also described instrumentation for FID with sub 
critical water mobile phases. However, their work employed capillary columns 
rather than traditional HPLC columns. In contrast to most other reports, they 
did not use a restrictor at the column outlet. Rather, they allowed the outlet to 
be at atmospheric pressure. 
An interesting instrumental application of superheated water chromatography 
is in its coupling to nuclear magnetic resonance spectroscopy. The coupling of 
traditional HPLC to NMR has been done in the past, but this has the 
complication of interference in the NMR signal from the organic modifier in the 
mobile phase. When superheated water chromatography is coupled to NMR, 
deuterated water can be used as the mobile phase because it has very similar 
properties to water, so that the only NMR signal is from the analyte. This 
technique, first described by Smith and co-workers (197), which has the 
advantage over supercritical fluid chromatography-nuclear magnetic 
resonance (SFC-NMR) and being able to use a low-pressure HPLC-NMR 
probe. In their instrumental setup, a pressure regulator was placed after the 
UV- Vis detector but before the NMR probe. The sample was cooled before 
entering the NMR probe, so that there was no need for it to be pressurized. 
The same group (199) also used superheated water chromatography-NMR in 
the analysis of model drug compounds. They demonstrated that both one-
and two-dimensional NMR spectra could be obtained without interference 
from the mobile phase. In addition, they coupled mass spectrometry detection 
to the HPLC-NMR setup by way of a flow splitter, so that both NMR and MS 
data could be obtained from the same separation. More recently, they 
identified three major compounds of Piper methysticum by HPLC-NMR using 
polybutadiene-coated zirconia phase (199). 
Saha et al. [200, 201] examined a ginger extract using superheated water 
chromatography-NMR with a temperature gradient. They were able to isolate 
and identify several compounds in the extract, and demonstrated the use of a 
temperature gradient from 50 to 130 ·C at 4·C/min in the superheated water 
chromatography on an XTerra C18 column. Louden et al. [202] demonstrated 
the coupling of superheated deuterium oxide HPLC with on-line 
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characterization by combination of diode array UV, NMR, FT-IR and MS for 
the analysis of ecdysteroids in plant extracts. The combination of UV, NMR, 
IR and mass spectrometers enabled the on-flow collection of spectra. Smith 
and co-workers (203) also examined on-column deuterium exchange during 
subcritical water chromatography-NMR experiments. They found that the 
methyl group on the pyrimidine ring of certain sulfonamides was selectively 
deuterated when exposed to superheated heavy water. 
In addition to the separation of mixtures for analytical purposes, the 
chromatography experiment can be used to determine the thermodynamics of 
the retention process. The retention factor of pure-water, log Kw. has been 
shown to correlate well with the octanol-water partition coefficient. This 
number is the "standard measure" of hydrophobicity for a solute, and is often 
taken as an indicator of real-world partitioning processes, such as 
bioavailability and environmental transport. Ideally, a pure-water mobile phase 
could be used to determine an estimate for the octanol-water partition 
coefficient. However, as previously stated, pure water mobile phases do not 
have the solvent strength to elute most solutes in a reasonable amount of . 
time and with reasonable peak shape. To get around this problem, workers 
typically measure retention factors using a variety of hydro organic mobile 
phases, and extrapolate the log of the retention factor to a pure water mobile 
phase value. Unfortunately, there is no commonly-accepted model to use for 
mobile phase extrapolations. Plots of the logarithm of the retention factor vs. 
mobile phase composition are typically non-linear, particularly in the region of 
low organic content in the mobile phase, and the degree and direction of 
curvature are both solute and mobile phase dependent [204, 205). Since the 
polarity of superheated water varies with temperature, and is similar to the 
values observed for the hydro organic mixtures that used in RPLC, it seems 
reasonable to assume that extrapolation of temperature, rather than mobile 
phase composition, could be used to determine room-temperature pure-water 
retention data. Coym et al. (149) chromatographed a variety of solutes using a 
variety of mobile phase compositions and temperatures, and compared the 
extrapolation to a pure-water room-temperature retention factor. In addition, 
they evaluated the enthalpy of retention with pure water mobile phases from 
the van't Hoff analysis. The retention thermodynamics of pure water 
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chromatography systems at both room and superheated temperature were 
compared to the thermodynamics of reversed-phase chromatography with 
hydro-organic mobile phases. They found that the change in the enthalpy 
values of the retention between low and high temperature which is due to the 
change in the hydrogen bond network in the water solvent and this change 
the solvation structure around non-polar solutes led to change in retention 
mechanism. 
2.1.7 Stability of stationary phases in high temperature aqueous 
mobile phases 
2.1.7.1 Silica based phases 
For decades, chromatographers have been focusing on optimizing 
parameters such as the composition, pH, and ionic strength of the mobile 
phase; the type and particle as well as pore size of the stationary phase; and 
column dimension to achieve better high performance liquid chromatography 
separations. However, temperature has received less attention possibly 
because the effect of high temperature on both stationary phase and analyte 
limits the application. Little has been reported on the degradation of the 
solutes probably because they are exposed to high temperatures for only a 
short period of time during the separation. 
Silica based columns are the material of choice for chromatographers 
because of performance efficiency, bed stability and ruggedness compared to 
polymers and their usage is well understood in chromatography. However, the 
reproducibility and robustness of silica-based reversed phase columns suffer 
from broad and tailing peaks for many basic compounds, and a short life time 
when the mobile phase pH is outside the range of 2-8. Below pH 2, the 
bonded phase may be stripped off while above pH 8 the underlying silica 
support begins to dissolve. In addition, hydrolysis of silica-based packing is a 
major concern at higher temperature when only water is used as a mobile 
phase [206]. At elevated temperature, the solubility of silica increases linearly 
with temperature and also increases with high pH [207]. Therefore, the 
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bonded phases are very susceptible to hydrolytic cleavage of the Si-OR 
bonded and the silica backbone is degraded [208]. 
A mechanism for the dissolution of silica under basic conditions was proposed 
by I1er [210]. At basic pH, hydroxyl ions (OHl are chemisorbed onto the 
surface of the silica; this effectively increases the co-ordination of the silicon 
atom to more than four and subsequently weakens the oxygen bonds to the 
underlying silicon atoms [208] and the silicon atom then goes into solution as 
the silicate ion, Si(OH)s'. At the pH range of water above 9, the solubility of 
silica increases exponentially due to formation of soluble silica, Si(OH)4 and 
OH' ions and the process is repeated (Figure 2,6). The dotted line 
represented the interface between silica on the left and water in the right [209]. 
The rate of hydrolysis increases with decreasing silica particle size [210]. 
Thus, the performance of silica based stationary phase material with small 
particle size will degraded quickly at high temperature. Furthermore, in an 
aqueous environment silica is likely to dissolve in high temperature [206]. 
0, 0, 0, 
Si-O-Si OH Si-O-Si OH Si-O-Si I-OH I I I 0 0 0 
\ \ S' \ Si-O-Si OH Si-O-Si I-O-Si f-OH / / HO 0 0, , Si- OH Si-O-Si OH Si-O-Si I I HO 0 0 
\ \ Si-O.2Si - OH Si-O-Si OH Si-O-Si OH 
/ I / 
0 0 0 
+OH-' + 3H20 + Si(OH); 
Figure 2.6: Mechanism of dissolution silica in the presence of hydroxide 
ion [209]. 
Even though the traditional silica-based column packing is not thermally 
stable, the use of silica is desirable over polymer substrate columns because 
of better efficiency and peak shape. However, the use of elevated 
temperatures with silica-based columns has been relatively low. For instance, 
superficially porous silica was used for separation of peptides, proteins, and 
nucleic acids at temperature as high as 80 ·C [211]. Zorbax CB and C1B 
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stationary phases were also used for separation of peptide and protein 
samples using organic solvent-water as the mobile phase at elevated 
temperatures [212, 213] In addition, separations of proteins were tested using 
a silica-based pellicular stationary phase at temperatures as high as 120 ·C 
[214, 215]. Phenomenex C18 and Inertsil 00S-2 columns on the other hand 
were used to separate selenium and arsenic at 70 ·C [216]. The Hytach C18 
column based upon a 21.1m non-porous silica support was used for the 
analysiS of an exploratory magnetic resonance imaging polymeriC contrast 
agent for the temperature ranged between 25 ·C to 100 ·C [217]. Recently, 
Selerity developed new silica phase Blaze C8 polydentate silica, which was 
reported to show stability under programmed temperature at 100 ·C and 
under acidic conditions [41]. 
The temperature effect on retention, peak shape, or efficiency has been 
investigated using monomeric C1s-bonded silica including NovaPak18 phase 
[130], Inertsil OOS-3V column for basic compounds [126], Partisil 00S2 
column for polar and nonpolar analytes [180] and an Zorbax OOS column 
used at temperature from 21 ·C to 140 ·C for polycyclic aromatic 
hydrocarbons (PAHs) and non-polar analytes [218]. The most suitable 
evaluation of column stability is the measurement of any change in the 
retention factor for a given solute or change in column efficiency. 
The advantages of high temperature water (superheated water) as a mobile 
phase include the elimination of hazardous organic solvent and compatibility 
with both LC and GC detectors as well as ability to separate pharmaceutical 
and organic compounds. Silica-based phases employed in high temperature 
water chromatography includes Spherisorb 00S-2 [176], Zorbax RX- C8[166, 
181], Nucleosil C18 AB [166, 181,219], Chrompack OOS [193], Kovasil MS-H 
[196], XTerra RP 18 [183] and BOS-Hypersil [183, 219] columns. 
He and Yang [219] compared the thermal stability of a variety of different 
stationary phases including C8 and C18 silica phases, zirconia phases, and 
polymer based phases with 100 % water mobile phase. Silica based phases 
were shown to be the least stable to temperature above 120 ·C. Silica with 
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shorter alkyl chain length phases has slightly greater stability than longer 
chain phases. This was attributed to the higher surface bonding density of 
shorter chain phases. Silica-based poly (methyloctysiloxane) and poly 
(methyloctadecylsiloxane) stationary phases were reported to be stable for as 
many as 1100 column volumes using an alkaline mobile phase (pH 10) at 
room temperature. However they began to degrade after passage of 
approximately 450 column volumes of pH 8.4 mobile phase at 60 ·C [220, 
221]. 
Compared to silica-based stationary phases, Zirconia- based stationary phase 
proved to be more resistance at elevated temperature with organic -water 
mobile phase and high temperature water stability until 200 ·C [183, 186, 191, 
194] and polybutadiene silica demonstrate different selectivity and stability 
compared to silica reversed phase materials [96, 128, 222, 223]. 
More recently, new packed columns have been based on the thermal 
immobilization of poly (methyltetradecylsiloxane (PMTDS) onto zirconized 
silica [224]. This stationary phase used to separate of pesticides at high 
temperature (100 ·C) without using gradient elution or buffering the mobile 
phases. Recently, a variety of stationary phase materials have been 
developed with improved temperature stability [225] Stable bond stationary 
phases [165, 226, 227, 228] and polydentate bonded stationary phases which 
are reported to be stable up to 100 ·C and with extreme pH [229]. 
2.1.7.2 Stable hybrid silica based phases 
Conventional silica-based reversed phase packing is manufactured by 
derivatizing the surface of silica particles by reacting silane reagents with 
silanol (Si-OH) groups. Usually only part of the surface is derivatized. The 
underivatized regions of the surface are where the silica particles possibly 
dissolve at high pH. Recently advances in the method development for 
column chemistry have produced different phase materials with enhanced 
thermal stability. In 1999 a new packing hybrid technology has been 
introduced. These hybrid stationary phases are based on a porous hybrid 
organic-inorganic substrate reacted with trifunctional octadecylsilyl reagent 
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and end-capped to create a bonded -hydrophobic surface layer with 33 % 
less residual silanols [230]. As shown in Figure 2.7, one way of creating the 
hybrid particle which was first described by Unger et al. [231], is to use a 
mixture of two high purity monomers: one that produced Si02 units and 
another that produced RSi01.5 (organosilaxane) units. 
CH~IOR'13 
+ 
Monomers Polyalkyloxysiloxane Porous hybrid particle 
Figure 2.7: HybrId particle contain methyl siloxane group technology 
manufacturing process 
The monomers and polymerization process are controlled to create a particle 
with the right organic and inorganic balance [232, 233]. 
2.1.7.2.1 XTerra™ columns 
A typical hybrid phase is XTerra which is produced by sol-gel technology 
using a mixture of organosilanes to create a porous sphere-shaped substance 
with silica and methylsiloxane in a molar ratio of 2: 1. The existence of 
methylsiloxane groups in the stationary phase increases the stability at severe 
pH values (2< pH < 12) and with less tailing for the basic compounds [234, 
235]. 
Because of partially organic properties of hydride particles (methylsiloxane 
units in place of one third of the Si02 units), XTerra TM column have an 
increased surface coverage and less residual silanols (Figure 2.8 and Figure 
" 
2.9). Thus, a significant improvement in peak shape, good sensitivity and 
large peak capacities are obtained. Hybrid columns exhibit excellent water 
wettability, even in 100 % aqueous mobile phases. Hybrid columns are 
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claimed to be stable over all pH range and at high temperatures [230, 236, 
237] . The reaction shown in Figure 2.8 is used in the manufacturing process 
of XTerra TMcolumn: 
Methylpolyethoxysilane 
(MPEOS) 
Hybrid partical C18 
1/3 less silanols 
EtO 
2 ~. + 
Edl"OEI 
EtO 
H~ 
s· 
Edl"OEI 
EtO 
Tetraethoxysilane Methyltriethoxysilane 
frEOSI 1MTFOS} 
/ 
Silica C18 
'h free silanol 
Figure 2.8: Core phase of hybrid and comparison of hybrid surface in 
the XTerra™ phase with silica [230] . 
Surface CH3 
Wall 
Figure 2.9: Surface of XTerra MS C18 column [Figure obtained from ref. 
[238]]. 
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XTerra ™ columns are available in three different chemistries, which are 
XTerra MS, XTerra RP and XTerra Phenyl. The XTerra MS range also 
includes the RP8 and RP18 bonded alkyl chains with trifunctionally bonded 
ligands which gave the longest lifetime over wide pH range (pH 1 to 12). 
XTerra RP ligand on the other hand, is monofunctionally bonded to the silicon 
backbone while XTerra Phenyl is difuctionally bonded and supplied as a 
phenyl alternative. The phenyl group is bonded at the 2 position of the propyl 
chain (i.e. Si (CH3)-CH2-CH (C6H5)-CH3) where the difunction bonding 
chemistry of short chain phenyl ligand in XTerra phenyl offers different 
selectivity especially for aromatic compounds and pH hydrolytic stability. 
Figure 2.10 below shows the comparison between two types of functionality 
of ligands for XTerra ™ columns. 
~ -;-
Cil-O 
-~- { 
O -iIl 
-~- ~ 
0 - 01 
{ -t-
01-0 
/ \ / \ 
o 0 
I \ 
o 0 
/ \ 
o 0 
(a) X-Terra MS C1B column (Trifunctional CIa bonding process) 
-0 - 0 " H I , Si-C-C ~ 0 ' H \ CH3 2 CH 3 
(b) X-Terra phenyl (Difunctional phenyl bonding process) 
Figure 2.10: Comparison between ligand bonding chemistry XTerra™ 
phases (a) X-Terra MS C1B column (b) X-Terra phenyl 
The acidity of the residual silanol groups was studied for reversed phase 
columns by reaction of LiN03 in the presence of methanol/water mobile phase 
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buffered with different pH values [234] . The authors found that the number of 
active silanols increases in the order: XTerra MS C18 « Symmetry C18 <, 
underivatized XTerra « Resolve C18< Resolve silica ", Symmetry silica. 
Furthermore, standard column test methods categorize XTerra MS C18 as 
highly hydrophilic with low silanophilic activity [239]. Wilson [184] used an X-
Terra RP-18 column successfully in superheated water for the separation of 
drugs while Saha [201] used the same column with heated deuterium oxide 
as eluent for the analysis of the constituent of ginger in HPLC-NMR. Blahova 
et al. [240] also used XTerra RP18 and Symmetry Shield RP8 columns in the 
presence of 100 % water mobile phase without an organic modifier or/and an 
ion pair agent for the determination of drugs in serum, including morphine and 
its two metabolites (M3G, M6G). Cheng et al. [238] found that 20mm XTerra 
MS C18 column of 2.5 ~m hybrid organic -inorganic particles enables high 
speed gradient separation with short analysis time (1 min). Recently, Kiridena 
et al. [241] study the effect of solvent type on selectivity in XTerra MS C18 by 
using salvation parameter model to establish interaction of non-ionic solutes 
on XTerra MSC18 column. 
2.1.7.2.2 XBridge™ column 
More recently a second generation material XBridge has been produced [242]. 
This material contain bridge ethylene group in place of methyl group (Figure 
2.11 ). 
Figure 2.11: Surface of XBridge column [Figure obtained from ref. [243]] 
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The properties of the bridged-ethyl hybrid technology particle are described in 
the Figure 2.12. On the surface of the particle which consists of silanols 
available for bonding and some amount of the ethyl-bridged groups, which 
reduces the total number of silanols on the surface. The consequence of this 
reduced number of surface silanols is a reduction in tailing for bases. The 
internal bridging groups provide the interconnectivity that result in the 
improved pH stability of the packing [244]. Another contributor to the improved 
pH stability is the hydrophobicity of these internal groups. 
rf.:y ... ~ ____ Bridging group to ~-; . .",. I" -y '., 
"" ~ I .~~.\ ;;>.. ~Hydrophobic group 
Reduce silanol~ 
Figure 2.12: Chemistry of XBridge column [Figure obtained from ref. 
[244)] 
Similar to XTerra particles, the XBridge particles are prepared from two 
monomers tetraethoxysilane (TEOS) and bis (triethoxysilyl) ethane (BTEE, 
which incorporates the preformed ethylene bridge) (Figure 2.13). In separate 
steps, these particles are surface bonded to attach the desired functionality , 
then endcapped to reduce the concentration of residual silanols. 
Et<il CHz-CHz OEt OEt \ ,/ , 
Si Si-O-Si-o Et 
\ I \ 
o 0 0 
/ \ . I 
Si__ __$1-0-51-0 Et 
I 0 I \ 
EtO OEt OEt 
n 
EtO 
4 I 
Si EtO/, 'DEt 
EtO 
EtO 
1 + EtO- Si , 
EtO '"-~ 
Polyethoxysilane 
(BPEOS) 
Tetraethoxysilane 
(TEOS) 
Bis(triethoxysilyl)ethane 
(BTEE) 
Figure 2.13: Bridged Ethyl Hybrid Particles preparation [2451. 
The XBridge phenylligands are trifunctional (Figure 2.14) to provide the 
longest lifetime over wide pH range (pH 1 to 12) [246, 247]. 
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Figure 2.14: XBridge TM phenyl particles are surface bonded with 
trifunctional ligands 
Wyndham and co-workers [244] studied the characterization of ethylene 
bridged hybrid organic/inorganic material by elemental analysis, SEM, and 
nitrogen sorption analysis and the results showed a high mechanical strength 
using a high-pressure column flow test. 
Recently, Liu et al. [248] separated alkylbenzene and aromatic alcohols at 
superheated water from 150 to 200 ·C on XBridge C18 column with high flow 
rate of 5 ml/min. They found that with this range of temperature 
thermodynamic evaluation showed a single mechanism for the interaction with 
the stationary phase. However, the wide range of temperature showed non-
linear van 't Hoff plot behavior due to a conformational change of the 
stationary phase. The van Deemter plot at 150 ·C showed that a minimum 
was reached for the reduced plate height at 1.6 mUmin. 
2.1.7.2.3 Gemini ™ C18 column 
Gemini ™ C 18 is a new hybrid silica-based stationary that is claimed to 
combines the best features of silica and polymer medias which is based on a 
twin technology between silica and hybrid phases by using two-in-one 
(TWIWM) technology [249]. 
Gemini ™ columns are available in different chemistries, which are Gemini 
C18 and Gemini C6-phenyl. These phases offer different selectivity in the 
chromatographic separation due to different in the retention mechanism [249]. 
54 
Chapter 2 Introduction 
This is based on a grafted layer silica-organic mixture during the final stage of 
silica manufacturing to create a new composite particle between silica and 
hybrid based material (Figure 2.15). The resulting phase is claimed to have 
an improved stability at extended pH from 1 to 12 and high column efficiency 
with high hydrolytic mechanical bonding strength [250]. 
. . . 
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Figure 2.15: Surface of Gemini 18 phase [Figure obtained from ref. [24911 
Gritti et al. [251] compared the degree of heterogeneity of the surface of 
different alkyl-bonded stationary phase by comparing the adsorption 
behaviors of four compounds of different sizes and charges (phenol, caffeine, 
naphthalene sulfonate, and pro-pranololium) on a polymeric non-endcapped 
C30 phase (Prontosil) and two monomeric endcapped C18 phases (Gemini 
and Sunfire). They found that the short alkyl-bonded-chains (C18 versus C30) 
and the endcapping of the silica surface contribute to a decrease in the 
surface heterogeneity. 
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Recently, Loo and Mc Ginley [250] used the Gemini column to alter the 
selectivity of separation by changing the pH of the mobile phase from 1.5 to 
12 and Fang et al. [252] identified steroids in urine and plasma using a Gemini 
18 column. Galera and co-workers [253] separate nine of pyrethroids in 
vegetables by coupling HPLC, post-column irradiation with UV light and 
chemiluminescence detection by K3Fe(CN)6 and NaOH on Gemini 18 column 
with highly organic solvent. 
2.1.7.3 Polymer stationary phase (Polystyrene divinylbenzene) 
The problem of the pH instability of silica has led to considerable interest in 
the use of beads of cross-linked porous synthetic polymers as stationary 
phases [254, 255]. Poly (styrene-divinylbenzene) (PS-DVB) based packing 
materials (Figure2.16) were originally developed for size exclusion 
chromatography of industrial polymers [256] but most of these materials were 
too soft and compressed or collapsed under the flow rates and pressures 
used in HPLC. 
• 
H H 
- CH - C- C- C- C- C-C-C-
Ho H2 H Ho H2 I ~ ~ I 
.-'l ~ 
Styrene Divinylbenzene 
(+ 0- and m- isomers) 
Figure 2.16: Schematic structure of polystyrene divinyl benzene (PS-
DVB) 
The amount of divinylbenzene added determines the degree of cross-linking 
and hence the pore structure. PS-DVB containing less than 6% 
divinylbenzene is not pressure stable and cannot be adequately used as 
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HPLC materials whereas semi-rigid polystyrenes with 8% divinylbenzene is 
stable up to approximately 60 bar. 
A further classification used to distinguish the various types of PS-DVB used 
for LC, is to describe them as being either macroeticulate or microreticulate. 
The presence of macropores with a diameter of several 10nm facilitates 
access of large molecules to the active sites. Microeticulate PS-DVB is less 
cross-linked . They are non-porous in the dry state and acquire a pore volume 
only by absorbing a solvent. These packing are designed largely for the size-
exclusion chromatography of small molecules and oligomeric analysis [257] . 
They are generally not suitable for RPLC, as they are not mechanically stable 
at high pressure and swell as well as shrink with frequent solvent changes. 
Smith and Garside compared the solvents THF, ACN and MeOH as modifiers 
on PLRP-S with respect to solvent strength and efficiency [258]. MeOH was 
shown to give poor efficiencies with distorted tailing peaks, probably because 
polar solvents such as methanol have very little affinity with the totally 
hydrophobic polymer surface and are therefore not able to penetrate (swell) 
the pores of the polymer as effectively as non-polar solvents [259]. However, 
early studies demonstrated the separation of barbiturates [197], analgesics 
[260], polar vitamins [261] and a range of aromatic phenols, amides, amines 
and ester [181] on a PS-DVB column for superheated water chromatography. 
Yang et al. [181] studied the retention behaviour on a PS-DVB column at high 
temperature and Pawlowski used a PS-DVB column to determine solvation 
characteristics of pressurized water [161], Short columns packed with highly 
crosslinked 2 . 3~m pOly-styrene-divinylbenzene (PS-DVB) particles RP-HPLC 
can also be used for the rapid and efficient separation of proteins and 
peptides at elevated temperature [262]. More recently, Sanagi and See [263] 
presented a comprehensive study on PS-DVB column using water rich and 
superheated water eluent at elevated column temperature up to 200 ·C. 
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2.1.8 Effect of temperature on structure of silica based columns 
Previous studies have examined the effect of increasing the temperature on 
the structure and properties of the surface of bonded silica columns. In 1973 
Knox and Vasaari [118) reported that the peak skewness was significantly 
reduced by increasing temperature to 60 "C on Permaphase aDS column. 
They explained that the polymer layer of the aDS phase became more 
swollen at high temperature and the partition isotherm became more linear 
during more flexible structure. 
Morel and Serpinet [53, 56) found a phase transition when they examined the 
effect of temperature on C18 silica by gas chromatography. They proposed 
that the irreproducibilities in retention data and selectivities observed from one 
sample to another might be for a large part that linked with changes in the 
physical state of the chemisorbed phase. They suggested a melting of a solid , 
crystal-like phase to a liquid expanded phase. Generally, non linear van't Hoff 
plot has been attributed to a possible phase transition in monomeric phases 
with high bonding density. Morel and Serpinet [264) demonstrated non-linear 
van't Hoff curves for C18 and , C22 silica columns for the retention of 
structurally diverse solutes with pure methanol and methanol-water mobile 
phases. A slightly higher transition temperature was observed for the C22 
chain, 48 "C, as opposed to the C18 chain , 27 "C. With mobile phases 
containing up to 50 % water, the transition temperature was about 46SC. 
However, at 55 % water mobile phase the transition temperature shifted to 54 
"C and did not change further with higher content of water in the mobile phase. 
Thus the phase transition temperature depended on the mobile phase 
composition which affected by the solvation of stationary phase [55) . Phase 
transitions were not observed for C 18 stationary phase with bonding density 
less than 2.5 ~mol/m2 [265). 
In a review by Schunk and Burke [266) , they demonstrated that changes in 
the mobile phase composition were responsible for the temperature 
dependence and magnitude of deviation from retention linearity. They 
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compared the retention behaviour for different solute interactions and ability of 
hydrogen-bonding in different organic solvent. 
Wheeler et al. [267] reveiwed phase transitions in reversed phase liquid 
chromatography and concluded that the phase transition could be a function 
of virtually every chromatographic variable; bonded phase alkyl chain length, 
chain density, type of bonding reaction (monomeric or polymeric, mobile 
phase solvent and the choice of solute. Non-linear van't Hoff plots did not 
indicate changes in stationary phase structure but could be because of other 
thermodynamic process. They found that the phase transition occurred in the 
long chain stationary phase at low temperature from disorder solids-like to a 
liquid-like state near room temperature. Cole and Dorsey [32] observed a 
distinct broad endothermic peak between 20 - 40 'C in a differential scanning 
calorimetric scan. 
A more recent study, an investigation of the alkyl chain conformation of 
bonded C18 stationary phase by Raman spectroscopy was done [268]. The 
data showed the ability of the bonded phase alkyl chains to achieve different 
degrees of conformational order depending on temperature [269]. Phase 
transition occurs over wide range of temperature than with bulk alkyl silanes 
because of heterogeneity of environment. 
Doyle et al. [270] confirmed the effect of the mobile phase and temperature 
[271] on the phase transition on C18 bonded phase by Raman spectroscopy. 
A collapse of the C18 phase on changing the mobile phase from organic to 
water was not observed but distinct changes in phase conformation occurred 
with temperature between 45 to 2 ·C. The ordering of the ligands in the 
stationary phase changed from a less ordered "liquid like" state to ' solid like 
' state at low temperature. They concluded that non-linear van't Hoff behaviour 
can be attributed to possible phase transition for high bonding density 
monomeric phase. More evidence confirming the occurrence phase transition 
has come from nuclear magnetic resonance spectroscopy [52, 272] and 
fluorescence spectrometry [273]. 
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2.1.8.1 Phase collapse effects on stationary phases 
In mobile phases with greater than 98% water, a phenomenon has been 
observed which has been described as phase collapse [274, 275, 276,277, 
278, 279, 280, 281]. This can cause a sudden decrease in retention which 
retention has been attributed to a chain collapsing of the hydrophobic C18 
ligand when it left in completely cool aqueous condition [277, 282] (Figure 
2.17). However, no evidence of phase collapse was observed by Raman 
spectroscopy on C18 bonded phase when changing the mobile phase 
composition from an organic to an aqueous solution [270]. 
H20 
Si~ 
Figure 2.17: Collapsing C18 bonded phase when it standing in a pure 
water mobile phase. 
Another theory for the cause of this phenomenon is that because of the large 
wetting angle (>90·) of the totally aqueous mobile phase on the highly 
hydrophobic surface, the mobile phase is driven out of the pores reducing the 
effective volume of the phase (Figure 2.18). However, if an organic modifier is 
once again introduced to the mobile phase, these pores can once again be 
accessed and ''wetting '' of surface can occur. Others concluded that by 
pumped organic solvent through the column, the pores can become rewetted 
and original retention characteristics can be recreated [225, 276, 283, 284]. 
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Mobile phase: 
mixture of organic and water 
Mobile phase: 
water 
Introduction 
Ligand such as C18 Silica 
A mobile phase is filled 
in the pore of silica gel 
a) 
Pore 
A mobile phase is expelled 
from the pore of silica gel 
b) 
Figure 2.18: Behavior of (a) an organic solvent-water mobile phase 
which fitts the silica gel pore and (b) water mobile phase, which is 
expelled from the pore [2741. 
A dry sorbent requires very high pressure to cause aqueous solvent to enter 
the pores, according to the Laplace--Young Equation (Equation 2.35), which 
relates the intrusion pressure to the surface tension of the water and to the 
contact angle of the water and air in the sorbent surface [285]: 
t!.P = 4 r cos q.> 
d 
(2.35) 
Where !:J.P is the intrusion pressure req uired to drive liquid into the pores, r is 
the surface tension, d is the effective pore diameter and <P is the contact angle 
made between water and air on the adsorbent surface. The actual 
measurement of contact angle is difficult with a non-uniform porous surface 
such as a bonded silica gel, but it has been approximated by Bouvier and co-
workers by considering a water-paraffIn-air system [2761. 
Chromatographically, the main effect of the wetting-dewetting phenomenon 
and phase collapse is reduction in the retention time after used pure water 
[276, 283] and this has been observed in previous studies using superheated 
water on Spherisorb 00S1 and on Luna Silica Tm C,s columns [172, 201]. 
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High temperature superheated water is also claimed to cause phase collapse 
due to effect of basic compounds of water on packing materials. Noyes et al. 
[286] found thatthe ionic product of water along the saturation line of water 
between 25 and 240 'C increases by about three orders of magnitudes 
therefore, at high temperature superheated water has both ionic and basic in 
nature which can affect the ionization of solute molecules. 
2.2 Pressure as a parameter In HPLC separation 
2.2.1 Effect of pressure on retention in liquid chromatography 
In contrast to supercritical fluid chromatography, pressure is not commonly 
considered an important parameter affecting solute retention in liquid 
chromatography. The influence of pressure in liquid chromatography is not 
uniform within a chromatographic column, because the physical parameters, 
such as density, viscosity of liquid, diffusion of solutes and flow velocity of the 
mobile phase possess different values in different parts of the column. Some 
of these parameters affect each other. For example, density and viscosity at 
a given pressure depend on the nature of the eluent and on temperature 
within the column, and the increase of temperature reduces viscosity and the 
density of the eluent. In contrast, increase in viscosity and density can be 
related to the pressure [287]. Pressure has also been shown to influence on a 
variety of equilibrium distribution processes which led to theoretical prediction 
of the influence of pressure on mobile phase velocity [288], solute retention 
[289,290], solute zone dispersion [291], and sorption equilibrium [292]. 
The pressure variation in an HPLC column can change the retention volume 
and peak shape and the appearance of new peak or base line perturbations 
can be detected by the high sensitivity of modern detectors enabling 
monitoring and utilization of very small chromatographic effects caused by 
pressure [292, 293]. Therefore, the pressure applied in liquid chromatography 
(HPLC) can significantly influence the retention factor of an anaiyte. 
It has been reported previously that retention in reversed phase 
chromatography and in chiral separations is influenced by pressure [294, 295, 
296, 297, 298]. This relationship becomes linear if the pressure rises in the 
62 
Chapter 2 Introduction 
range of 0.1-50 MPa [300, 301]. Rogers et at [301] measured a 300 % 
increase in the retention factor under extreme pressure conditions (20,000 psi) 
and linked change in selectivity for separations by an adsorption ion exchange 
mechanism. Tanaka et al. [302] observed a +12% variation in capacity factor 
for reversed-phase separation under more modest pressure conditions (3000 
psi). Normal-phase adsorption measurements by Katz and co-workers [303] 
indicated a decrease in retention by 5 % with increasing pressure. Martin et al. 
[304] evaluated the dependence of compressibility, viscosity, flow velocity and 
diffusion on pressure and its effect on retention volume and retention time. It 
was shown that pressure of 10 to 15 MPa caused a small variation in 
retention volume of test solute, which was practically negligible. 
McGuffin and Evans [305] explored the relationship between pressure and 
solute retention in a reversed-phase. They observed a substantial increase 
from 9.3 to 24.4 % in retention factor (k) for a homologous series of 
derivatized fatty acids adsorbed on octadecyl silica as the pressure was 
. changed from about 100 to 350 bar. MacNair and co-workers also found a 
linear relationship between pressure and retention factor for various small 
organic electroactive compounds [299]. The results from these studies 
suggest the relationship between pressure and retention factor. 
Pressure has been found to affect the retention, selectivity and efficiency of 
chiral compounds separation [296, 297, 298]. A significant change in retention 
factor (from -20 to +12 %) was observed in enantimoeric separation and 
theoretical plate height changed by up to 240 % when the pressure was 
increased by - 300 bar [296]. Retention factor for meta and para isomers 
changed by 12 % as a function of pressure by adding mobile phase additive 
as f3 -cyclodextrin to the mobile phase while retention factor without additive 
change by 6-8 % [306]. Pressure of carrier gas also affects the relative 
retention value of organic compound separation in capillary gas-liquid 
chromatography [307, 308]. 
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Recently, the relationship between the effect of increasing pressure on solute 
retention using a non porous, tetradecyl (C14) coated silica particles phase 
was either linear or non-linear depending on the experimental conditions. 
Thus, these experiment results indicate that variation in absolute pressure 
may have a significant effect on solute retention in liquid chromatography 
(295). The experimental data showed the importance of the retention-pressure 
relationship when non-porous stationary phases were used in different fields 
of HPLC [309, 310). 
Ch un at el. (311) have studied the effect of pressure on protein Iysosyme and 
a homologous series of poly-L-phenylalanine retention behavior in reversed 
phase chromatography on an octadecylsilica (C1S) stationary phase. They 
concluded that the partial molar volume of the protein solute decreased by 
approximately 100 cm3 mar 1 when adsorbed onto the stationary phase, 
whereas a smaller change was observed for the partial molar volumes of the 
poly-L-phenylalanine homologues. 
The change in molar volume due to solute interaction with stationary phase at 
elevated pressure can be determined from the slope of the graph of the 
logarithm of retention factor versus pressure [57, 107). 
(2.36) 
where !:!EO and AVO are the changes in molar internal energy and volume 
respectively. 
Small value in molar enthalpy and volume for methylene and benzene 
homologue were found on a low bonding density (2.7 jJmol m_2) monomeric 
octadecylsilica phase, whereas in the high bonding density polymeric 
octadecylsilica phase (5.4 jJmol m_2) the values were was significantly 
decreased (107). Small changes in molar enthalpy by changed in the 
temperature molar volume, and pressure have also been found (312) for more 
condensed four-ring polycyclic aromatic hydrocarbons than more linear 
structure, suggesting annelation structure influences on energy and the 
volume of retention mechanism. 
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Lower viscosities at elevated temperature decrease the pressure drop across 
the column and allow the use of high linear velocities because of the pump 
pressure limit. Thereby, the elevated temperature in the column and mobile 
phase inlet reduce the back-pressure, lowering the surface tension and 
viscosity of the mobile phase and improving mass transfer which leads to 
reduction in analysis time and improvement in efficiency of separation [313]. 
McGuffin and co-worker observed phase transition on the octadecylsilica 
stationary phase as a function of increased temperature from 10 to 60 'C and 
increased pressure in the range from 9S0-4430 psi. These temperature and 
pressure conditions have an effect on retention in liquid chromatography [314]. 
Szubelski et al. [57] studied the effect of pressure and temperature on the 
adsorption equilibrium of four different insulins. They found that the pressure-
induced variation of the retention parameters could be attributed to an 
approximately 102 cm3 mol -1 change of the partial molar volume when the 
solute is adsorbed on a CS bonded silica stationary phase. 
Recently, fast liquid chromatography methods have combined elevated 
i 
temperature with ultrahigh pressure to facilitate fast and efficient separation. 
McNair et al. [299] reported the use of ultrahigh pressure to overcome the 
significant pressure drop that results from using small particles in LC. More 
recently, Xiang and co-workers [315] have demonstrated fast separations in 
UHPLC for the separation parabens, herbicides and barbitals using combined 
ultrahigh pressure and elevated temperature on small particle 1.0 Ilm 
nonporous silica particles for a C6- modified phase. In other published studies, 
pressure up to 42,000 psi was used for separation of chiral pharmaceutical on 
a C6 phase [316]. Cintr6n et al. [317] used organo-silica nano-particle 
stationary phase for fast separation and high efficiency - 500,000 
plates/meter by using -3,500 bar as inlet pressure. However, there are safety 
concerns in using a UHPLC technique [25]. 
Vasanits et al. [31S] found pressure affected the retention in a study of the 
effect of the eluent high flow rate from O.S to 2.5 mll min in the low 
temperature range, 30- 55 ·c, on retention of twenty-seven amino acids in 
seven columns with pressure < 3500 psi. 
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More recently, Martin and Guiochon [3191 found that any significant change in 
the flow rate will cause a change in the pressure profile in the column and 
change all constants of chromatographic separation, e.g. hold-up volume, 
column porosity, retention factors, efficiency coefficients. They also found that 
high pressure affects equilibrium constant. Therefore, to see the effect of 
temperature on the equilibrium constant, the study must be carried out under 
constant inlet pressure, rather than constant flow rate, to minimize coupling of 
pressure and temperature. Therefore, all parameters such as column length, 
column diameter, particle size, column porosities, phase ratio, the column 
hold-up volume, mobile phase density and viscosity, mobile phase diffusion 
coefficient, the equilibrium constant, efficiency and retention factors depend 
on pressure, when the pressure range is high. 
There are many factors that affect system pressure including stationary phase 
particle size, column dimensions, flow rate and temperature. Flow rate 
impacts on HPLC system pressure and analysis time. Separation at high flow 
rate increases back-pressure of the column and decreases analysis time of 
separation. However, high flow rate usually gives poor efficiency in the 
separation due to insufficient time for the analyte to interact with the stationary 
phase. Lower flow rate than the usual may leave the analyst waiting for a 
peak to appear at the detector. Therefore, flow rate affects the quality of 
chromatographic separation. 
2.3 Aim of present study 
In the light effect of previous studies on separation on high temperature on 
silica phases, the aim of present study was to study the effect of temperature 
at low percentage of organic modifier and pure water on recent generation 
hybrid phases. Therefore our study focused on the effect of high temperature 
on the retention of different hybrid phases from lower range to higher range of 
temperature by evaluating the thermodynamic values for each phase. The 
efficiency of the phenyl-hybrid was also studied under pure water at high 
temperature to determine the factors dominating during the retention process. 
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Further, a study was set up to investigate the effect of pressure on the 
retention by using back-pressure regulator at constant flow rates and 
elevated temperature because previous study found that hydrophobcity and 
peak shape selectivity increased by increasing the flow rate. 
The application of high temperature at high flow rate used to study the 
separation of steroids on the methyl-hybrid phase at different percentage of 
methanol in the mobile phase and pure water. 
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3.1 Materials 
CHAPTER THREE 
EXPERIMENTAL 
Experimental 
In this chapter general experimental detail, equipment and chemicals are 
described for elevated temperature studies and applications for high flow 
rates at high temperatures with low percentage of methanol and superheated 
water mobile phase. It also includes instrumentation set up for studying effect 
of the pressure on the retention. 
3.1.1 Chemicals 
Methanol and acetonitrile were HPLC grade (Fisher SCientific, Loughborough, 
UK) and water was deionised and purified (ELGA Ltd. High Wycombe, UK) at 
an output of 18.2 M n cm-I. The test compounds: uracil, acetophenone, 
propiophenone, 4-aminoacetophenone, 4-hydroxyacetophenone, 
nitrobenzene, o-cresol, 2-phenylethanol, 3-phenylpropanol, 4-chlorophenol, 
phenol, p-cresol, 4-ethylphenol and 4-propylphenol. Steroids: estriol, 1, 4-
androstadiene - 3, 11, 17- trione, 19- nortestosterone, testosterone and 
progesterone. All were laboratory reagent analytical grade from Sigma -
Aldrich, Poole (Aid rich- Chemical Co., Gillingham- Dorset, UK). 
The Tanaka test mixture (320) used in the study of pressure effects consisted 
of the following in the given concentrations made up in mobile phase: uracil 
(C= 0.02 9 IL), butylbenzene (C= 1.0 9 IL), o-terphenyl (C= 0.02 9 I L), 
pentylbenzene (C= 1.5 9 /L) and triphenylene (C= 0.03 9 I L). 
3.1.2 Columns 
The separations were carried out on a number of columns: polystyrene 
divinylbenzene (PS-DVB) PLRP-S (5 J..Im 150 X4.6 mm 1.0.), (Polymer Labs., 
Shropshire, UK), XTerra MS C18 (5 J..Im, 150 x4.6 mm 1.0.), XTerra MS C18 
(3.5 J..Im, 50 x30 mm I.D.), XTerra MS C18 (3.5 J..Im, 150 x4.6 mm), XTerra 
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MS C18 (50 x4.6 mm), XTerra phenyl (5 J.lm 150x4.6 mm 1.0.), X Bridge 
phenyl (3.5 J.lm, 150 X4.6 mm), (Waters, Milford USA),Gemini 18 column (5 
J.lm 150 x4.6 mm 1.0.), Gemini 18 (5 J.lm 150 x2.1 mm 1.0.), (Phenomenex 
USA), Purospher RP -18 (5J.1m 125 x 4.0 mm I.D.) and Chromolith 
Performance RP- 18e, (100 x 4.6 mm) (Merck, Darmstadt, Germany). 
3.1.3 Instrumentation 
3.1.3.1 Preliminary studies 
Initial studies were carried out using a Kontron 420 HPLC pump, Kontron 
HPLC 360 Autosampler. A Pye Unicam series 104 GC oven (Pye Unicam, 
Cambridge, UK) was used as column oven and compounds were detected 
using a Jasco 875-UV spectrophotometric detector (Jasco, Spectroscopic Co., 
Ltd., Tokyo, Japan) at wavelength 254 nm with HP3394 integrator (Palo Alto, 
CA USA). The mobile phase was equilibrated to the column temperature by 
placing 98 cm of stainless steel capillary, 0.018 mm (0.007 in 1.0) inside the 
oven before the column as a preheating coil. The mobile phase was purged 
with helium. 
3.1.3.2 Effect of temperature using a Circulating air oven 
All the measurements were made with a Hewlett Packard 1100 series liquid 
chromatograph equipped with an autoinjector and diode array detector. The 
column oven was a HP 5890 GC (Hewlett Packard, Palo Alto, CA USA). The 
inlet tubing to the column was with 1/16 in. outer diameter and 0.007 in. inner 
diameter, 20 cm stainless steel. The mobile phase inlet temperature was 
controlled by a preheating coil (90 cm) placed into the oven before the column 
and placed with the column in the oven. Copper cooling fins (3 cm x 12 cm 
xO.05 mm) were attached to the exit tubing (1m xO.005 i.d) to cool the mobile 
phase down to ambient temperature before the diode array detector. The UV 
signal was at 230nm and three meters of PEEK tubing (0.13 mm 1.0.) were 
attached to the outlet of the column in order to maintain the pressure of 
superheated water in the column and in some case, stainless steel tube 1 m 
XO.005 in 1.0. was connected the outlet of the column to before the detector 
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to also keep the mobile phase in liquid phase. The system was equilibrated 
for 1 hour before every experiment and a solution of uracil (0.02 g/10 ml) in 
eluent was used as void volume marker. The recorded values for retention 
data point are the mean of three injections. 
A schematic illustration of the instrument is shown in Figure 3.1. The 
integration of peak areas and calculation of theoretical plate numbers was 
performed with data acquisition software (Hewlett Packard Chemstation® 
revision A.06.03) . 
5 
8 D 
Waste 
Figure 3.1: Instrument set up for temperature studies control with an air 
oven. 1) Binary pump, 2) Injector, 3) Preheating coil , 4) Column, 5) 
Cooling fins, 6) PEEK tubing or stainless steel tube 1 m XO.005 in 1.0., 7) 
UV Detector, 8) Computer. 
3.1.3.3 Effect of temperature using a water bath 
The equipment was the same as 3.1.3.2 except that the inlet tubing and 
column were held in two jackets fed from separate circulating water baths. 
Both the column thermostat (SU6, Grant Instruments, Cambridge) and the 
thermostat to control the mobile phase inlet temperature (TempetteTE-8A, 
Techne, Refrigerated Bath, RB-5) were accurate to ± 0.1 °C. All capillary 
HPLC tubing had an inner diameter of 0.007. All connecting tubing to and 
from the water baths and the water jackets for column and mobile phase 
temperature conditioning was foam inSUlated. The length of mobile phase 
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capillary in the water jacket was 12 cm. A schematic illustration of the 
instrument set up is shown in Figure 3.2. 
Binary pump 
D 
auto Injector 
waste 
Figure 3.2: Illustration of instrument set up for temperature studies by 
using water bath oven. 
3.1.3.4 Effect of temperature at high mobile phase flow rate 
The equipment set up of high flow rate at high temperature system is shown 
in Figure 3.3 and Figure 3.4. It was the same as 3.1.3.2 except that a cooling 
bath was used between the oven and the detector. 
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Figure 3.3 : High temperature liquid chromatography system from left to 
right: Computer running Chemstation software, 1100 series Hewlett pack 
Liquid chromatography, Hewlett Packard 5890 series gas 
chromatography, front: water tank with Techne TE-8A thermostat 
connected to water jacket 
Figure 3.4 shows a block diagram of the HTLC system used in high mobile 
phase flow rate. 
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T eluent < T max, detector 
Pump 
T eluent = T column 
Column 
Heating bath 
(40-200·C) jcooling bath (O·C) 
T eluent,. T max, detector 
Figure 3.4: Represent for high temperature high flow rate liquid 
chromatography system 
3.1.3.5 Effect of pressure on retention factors 
Detector 
waste 
To study the effect of raising the mean column pressure a back-pressure 
regulator was used after the column using the system described in 3.1 .2.3. 
The separations were carried out at a water bath temperature of 60 ·C +/-
0.1·C with a constant flow rate (1mUmin) of eluent. The injection volume was 
10 ~L and the analytes were detected at 254 nm. The mobile phase (75% 
methanol/25 % water, w/w) was mixed and degassed by sonication for 5 
minutes prior to use. All connective tubing to and from the water baths and the 
water jackets for column and mobile phase temperature conditioning were 
foam insulated. Butylbenzene and pentylbenzene served to calculate the 
hydrophobicity of the stationary phase and o-terphenyl and triphenylene to 
calculate the shape selectivity. At the start the valve was open (causing no 
extra pressure behind the column). The pressure drop measured under these 
conditions is the pressure drop across the column. In further experiments the 
valve was closed to an increasing degree. In this case. the pressure-retention 
relationship was linear at 60 · C over the pressure range 10-35 Mpa (Figure 
3.5). 
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---~ Mobile phase flow 
4 
Experimental 
5 6 
Figure 3.5: Schematic diagram of the pressure effect in liquid 
chromatography 1) Mobile phase pump, 2) Injector, 3) Mobile phase 
preheating tube, 4) Water jacket connected with analytical column, 
5)Back pressure regulator, 6) Detector, 7) Computer. 
3.2 Mobile phase and sample preparation 
3.2.1 Mobile phase 
The mobile phases for temperature studies were prepared by mixing 
acetonitrile or methanol with water. The mobile phase was premixing and 
degassed by sonication for 15 minutes. 
3.2.2 Sample solutions 
1 0 ~I of the uracil (0.02 g/1 0 ml) was injected to determine the void volume of 
the chromatographic system. 
The standard solutions and standard mixture of test solution were prepared by 
dissolving accurate amounts in the eluent. The sample concentrations were in 
the range 10-100 mg/ml and the injection volume was either 5 ~I or 10 ~I 
depending on experiment condition. 
3.3 Methods 
The chromatography separations were conducted under both isocratic and 
isothermal conditions. The system was equilibrated for 1 hour before every 
experiment. Each measurement was made in triplicate and the mean values 
reported. 
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3.3.1 Calculations used in temperature studies 
Retention factors were calculated by: 
k ~ IR- I. (3.1 ) 
I . 
Where to is retention times of uracil 
3.3.1.1 Thermodynamic linear relationship 
The thermodynamic relationship between retention factor (k) and temperature 
for a given mobile phase is given by the van't Hoff equation (3.2) [27 , 32, 263]: 
_M!O /:;So 
Ink ~--+-+ In~ 
RT R 
(3.2) 
Where k is the measured retention factor, llH" and IlS' are the standard 
partial molar enthalpy and entropy of the solute transfer from the mobile to the 
stationary phase, R is the gas constant, T is the absolute temperature CK) 
and <P is the volume phase ratio of the stationary and mobile phases. 
Equation 3.2 predicts that the change in retention factor with temperature by 
plotting In k versus 11 T. When enthalpy and entropy changes are temperature 
invariant, plots of In k versus11T according to equation 3.2 linear provided that 
the pertinent surface, analyte, mobile phase properties are temperature 
invariant. Therefore, the change associated with the solute transfer enthalpy 
and entropy is obtained from slope and intercept of In k versus1/T. The 
intercept from the van't Hoff plots, represents the entropy plus the column 
phase ratio. For RP-Le, columns phase ratios (<p) for different columns are 
different and difficult to obtain. Therefore, in contrast to llH' values the 
absolute entropy data between the various columns cannot be compared. For 
a single column , Rand <p are constant and IlS' can be used as a measure of 
the ordering of the system. 
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3.3.1.2 Calculations non linear thermodynamic relationship 
If the stationary phase or the analyte and also mobile phase properties 
undergoes a change in conformation at a certain temperature, the enthalpy 
and entropy of the retention process will change, and the van't Hoft plot will 
show a change in slope and intercept at transition temperature [27, 32, 33, 
263] . 
For non linear van't Hoft plots, the thermodynamic quantities associated with 
the chromatographic process can be extracted from the temperature 
dependence of retention by using a quadratic equation was often used to 
interpret the non linear van't Hoft plot [47, 49, 58]. 
b c 
In k = a + - + -, + In !6 T T (3.3) 
where a, band c are constants, (j) is the phase ratio. The three parameters a,b 
and c can be evaluated by fitting the experimental data to equation 3.3, Based 
on these values the enthalpy (llHO), entropy (llSO), heat transfer (llCpO), and 
free energy changes (llGO), can be calculated . Both llHo and llSo are strongly 
dependent on temperature. 
~W =-R(b +~) (3.4) 
(3.5) 
where In (j) constant (3.6) 
° c ~C =2R-
P T' (3 .7) 
The standard free energy can be calculated through the equation 3.8. 
(3.8) 
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3.3.1.3 Methylene selectivity thermodynamic relationship 
The relationship between retention factor (k) and number of methylene units 
(n) for homologue in the series of solutes [94] is linear and is given by: 
(3.9) 
Where nO {2 the number of methylene groups and ko the retention factor for the 
parent functional group of the homologous series that defines the series. 
aCII, is the hydrophobic selectivity (methylene selectivity) defined as: 
(3.10) 
Equation 3.2 and 3.10 can be combined to express the homologue 
contribution to the enthalpy and entropy changes in a retention process: 
H 
In a = ----==-+--RT R 
(3.11 ) 
a is represent methylene selectivity, -fj,fj,H and fj,fj,S the differences in 
standard enthalpy and entropy for the two solutes to be separated. 
The change in enthalpy of a homologue series is related to carbon number 
[94] by differenating equation 3.9 with respect 11T and using equation 3.12. 
• 0 . 0 6H, = H o +,,( H CH2 )nCH, (3.12) 
Where ,,( CH~II, ) is the enthalpy change per methylene group and H ~ is the 
enthalpy change for the functional group defining the series. 
Thermodynamically, the selectivity is related to the difference in the free 
energy of retention for a pair of solutes: 
- RTln u= ( GO) (3.13) 
6 G' is the free energy of the transfer of a solute from the mobile to the 
stationary phase. For homologues, the standard free energy can be divided 
into different portions represent the standard free energy of different part of a 
molecule as in equation 3.14[248]: 
RT In k = - n GO GO (nrelJryklNf gmup) - (rol pf lhe moInvlu) (3.14) 
Where GO (melhylene group) is the standard free energy of a methylene group and 
GO (rest of lhe molecules) is the standard free energy of the rest of the molecule (i.e. 
the phenyl group and the end methyl/hydroxyl group). The relation of retention 
factor In k versus the number of methylene groups in a homologous series 
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should be a straight line [208) , thus the slopes [ ~Go (melhylene group) I RT] will 
represent the free energy contribution of one methylene selectivity and the 
intercept [ ~Go (reSI oflhe molecules) IRT] the contribution of the rest of the molecule. 
3.3.1.4 Calculation of performance parameters 
The performance parameter peak height, peak width, peak asymmetry, peak 
tailing (USP) and the number of theoretical plates for a separation were 
calculated using the default calculations of the Agilent Chemstation ® software 
[321). The Chemstation® default method to calculate the number of theoretical 
plates is the ASTM/USP method using the following equation [322): 
N = 16(.!.I...J2 
Wb 
Where IV. is the peak width at the base of the peak. 
The plate height was calculated from the following equation: 
H =~ 
N 
Where N is the plate number and L is the column length. 
Linear velocity of the mobile phase was calculated through the equation: 
L 
1I =-
( 0 
(3.1 5) 
(3.16) 
(3.17) 
Where L is the length of column and 10 is the breakthrough time of uracil. 
USP tailing is calculated by equation 3.18 [322). 
Ws 1=--
1 .. *2 
(3.18) 
Where IV, is the peak width at 5 % of its height and I . the distance between 
the peak front at 5 % peak height and the peak apex (retention time). 
Resolution (R, ) of observed peak is calculated by Chemstation soft ware as: 
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R =2 N, R, 
(
I - I ) 
s lV, + W 2 
(3.19) 
1 N is the retention time of peak and IV is the peak width at tangent of 
separated peak 1 and 2 respectively. 
The default Chemstation ® calculation uses the moment's equation to 
calculate peak asymmetry [322] . 
Where: 
Peak-symmetry = ni l + m2 
InJ + 111" 
TII, =a,(12 +_a_, -J A 1.5Hf 
a' 
TII = ' B 
2 O.5H + 1.5H 
a' 
TII = 1 C 
1 O.5H, + 1.5H 
TII. = a.(13 +~) D 1.5H, 
(3.20) 
where m1-4 are the pseudomoments of the observed peak, a1-4 the area of the 
slice, t1-4 the time of the slice, Hr the hight of the front inflection point, Hr the 
height of the rear infection point and H the peak hight at its apex Figure 3.6. 
start of peak end of peak 
baseline 
time 
Figure 3.6: Area slices of peak as used in symmetry calculation in 
Agilent Chemstation® [322]. 
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3.3.2 Calculation used in pressure study 
Shape selectivity can be expressed using equation 3.21 , based on the 
retention of the polynuclear aromatic hydrocarbon in Tanka test [321]. 
I I ·· (relent ion lime Iripheny lene - relent ion lime IIraci/ ) S lape se eCIlVlty = (relenliolllime 0 - Iripheny l - relenlionlime llraci/ ) (3.21 ) 
Hydrophobicity can be expressed using equation 3.22 based on the 
separation of the alkyl benzenes in Tanka test. 
d I b ·· (relenlion lime penly lbenzene - relenlionlime uracil) Hy rap 10 ICily = -'--------'--'-------------'-(relellliolllime blllylbenzene - relelllion lime uracil) (3.22) 
3.4 Instrumental set-up (air oven) 
Before collecting data , optimisation was done in the HTLC instrument set up 
to improve efficiency of the chromatographic separation. 
3.4.1 Sample volumes 
The effect of injection volume on the peak shape and efficiency of 
acetophenone on the X-Terra MS C18 (5iJm) column at superheated water of 
140 'C is shown in Figure 3.7. Its repeatability was also done by performing 
five replicate injections of acetophenone for each of injection volumes. The 
standard deviation for repeatability of all the injection volumes was 0.15 and 
the number of theoretical plates (Nlm) decreased from 18788 at 7 iJl to 18219 
at 15 iJl , where normally all injection samples in this research were 10 iJl with 
better efficiency. 
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Figure 3.7: Effect of injection volume on acetophenone on efficiency and 
peak shape. Condition: Mobile phase: water at 140 DC with flow rate 1 
ml/min on XTerra MS C18, (51Jm, 150 x 4.6 mm LD.) column. 
3.4.2 Effect of preheating coil 
As shown in Figure 3.8, temperature control of the mobile phase is needed by 
using preheating coil to ensure that the temperature in the mobile phase is 
similar to the column temperature, which eliminate the peak distortion due to 
radial and axial gradient and also improved efficiency at high temperature 
[323]. 
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Figure 3,8: Mobile phase: water; setpoint temperature: 150 'C; f low rate: 
1ml/min; preheated tube: 90 cm; column: XBridge phenyl (3,5 Ilm, 150 
x4.6 mm I,D.); solute: 1) uracil, 2) phenol, 3) p-cresol. 
3.4.3 Preheating length 
The length of preheating tube between the injector and the column in the oven 
was changed for future optimisation (Figure 3.9). 
Preheating length with microbore column also studied at high temperature as 
shown in the Figure 3.10 . 
Cl> (,.) 
c: 
'" .a 
.... 
o 
III 
.a 
< 
> 
:::;) 
.. ... 0 11 
o 
p h.nol 
• ' 0 
Time (min) 
,. 
---
N _ -.. .. 
_~o ....... 
-.-
- .. ::1_ .... 
20 
Figure 3.9: Effect of preheating coil length in the effic iency phenol and 
p-cresol separation on XTerra MS C18 (5 Ilm, 150 x 4.6 mm 1.0.) w ith 
mobile phase 5 % MeOH and at 100 ' C and flow rate 1 ml/min. 
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Figure 3.10: Effect of preheating coil length in the efficiency on Gemini 
18(5 IJm, 150 x 2.1 mm 1.0.) with 10 % MeOH mobile phase at 90 'C and 
high linear velocity (1 ml/min). Compounds: 1) uracil, 2) phenol 3) p-
cresol , 4) p-ethylphenol, 5) p-propylphenol. 
3.4.4 Post column cooling 
copper cooling fins (3 cm x 12 cm x 0.05 mm) were attached to the exit tubing 
(1 m x 0.005 i. d.) to cool the mobile phase down to ambient temperature 
before the diode array detector. When the UV detector is connected to a 
superheated water chromatography and in high temperature liquid system, 
the temperature should be controlled by cooling because variation cause a 
refractive index change which affect as noise[120, 121]. Therefore, piece (3 
cm x 12 cm x 0.05 mm) of copper cooling fins were used on exit tubing 
connecting between the column and detector to cool the mobile phase down 
to ambient temperature before the diode array detector to prevent drift in base 
line in the detector. Stainless steel tube (1 m x 0.005 in 1.0.) as the postcolumn 
tubing found that there is no noise in the base line and keep the mobile phase 
in the liquid state. The small diameter with 1 meter length gave efficient 
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separation because it cut down dead volume tubing that contributes to the 
band broadening of system. Water jacket used to cool down the temperature 
of eluent due to high diffusion of the mobile phase at high linear velocities. 
3.4.5 Conclusion 
In the next study therefore 90 cm tubing coil was used to prevent thermal 
mismatch , eliminates parabolic flow and improve peak shape and efficiency of 
HPLC separation . 
84 
Chapter 4 Separation with low percentage of modifier 
CHAPTER FOUR 
SEPARATION ON THERMOSTABLE COLUMNS 
USING A LOW PERCENTAGE OF MODIFIER 
4.1 Introduction 
Numerous studies [33, 40, 104] have investigated the role of the composition 
in the mobile phase for both methanol and acetonitrile for changing retention 
and selectivity. Recently, demands to reduce the use of organic solvents have 
increased and there is a need to examine alternative approaches to influence 
the separations. High temperature liquid chromatography (HTLC) has 
provided the opportunity to reduce the quantity of organic solvent used in the 
mixed organic-water mobile phases compared to classica l HPLC [174]. 
The effect of high temperatures in reversed phase liquid chromatography has 
been investigated both theoretically and experimentally [15, 39, 324] . First, 
elevated temperatures reduce the analysis time, because enthalpy changes 
associated with the transfer of solutes from the mobile phase to the stationary 
phase dominate the retention process [15, 214] . Second, the changes in 
retention with temperature have a marked effect on the selectivity of 
chromatographic separation [86, 325, 326]. This shorter analysis time 
obtainable by working at elevated temperatures encouraged researchers to 
renew their interest in high temperature liquid chromatography. The 
advantages of high temperature separations are based on a decrease in 
viscosity and hence back pressure and an increase in solute diffusion, and a 
significant decrease in analysis time. The lower back pressure also permits 
the use of higher flow rates and high linear velocity. 
A consequence of the increase in the diffusion between the mobile and 
stationary phase is an enhancement of the mass transfer rate, which results in 
an improvement in resolution and efficiency, as confirmed by changes in the 
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Van Demeter curve, and allows operation at higher flow rates without loss in 
efficiency than is found at ambient temperature [94, 327J. 
The thermal and chemical stability of the stationary phase becomes a major 
consideration at elevated temperatures. The major problem is stationary 
phase degradation, particularly for silica-based stationary phases . However, 
several studies have successfully used stable stationary phases [165, 228, 
328J. The aim of the current work was to investigate the thermodynamics of 
the separations across a wide temperature range on some of these columns 
using conventional organic-water eluents ( in this chapter) and using high 
temperature water (chapter 5) . Because of the higher eluent strength at 
elevated temperatures only low proportions of the organic modifier were 
required. 
In this study, the separation of test compounds and phenol homologue in high 
temperature liquid chromatography using water rich eluent were investigated 
on stationary phases stable to high temperature and on new hybrid stationary 
phases. 
4.2 Studies on polystyrene divinylbenzene (PS-DVB) column 
PS-DVB column have been shown previously to be stable up to 200 ·C 
(section 2.1.7.2). In a preliminary study, a series of three phenols was 
examined on a PS-DVB column at room temperature with from 50 % to 20 % 
acetonitrile as the mobile phase (Figure 4.1) . As expected , the retention 
increased with hydrophobicity and decreased by increased percentage of 
organic modifier. The resolution between the compounds increased as the 
proportion of ACN decreased in the mobile phase. 
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Figure 4.1: Retention factors for phenols as a function of mobile phase 
composition at room temperature (22 'C) on PS-OVB. 
The separations of the phenols were than examined in a controlled study as a 
function of temperature from 30'C to 90'C at decreasing proportions of 
acetonitrile in the mobile phase (Table 4.1). For each compound studied , 
there was a marked decrease in the retention factor on increasing the 
temperature and on increasing the organic modifier in the mobile phase. The 
mobile phase with 30 % ACN provides good resolution and symmetrical 
peaks. However, o-cresol injected individually because it merged with p-
chlorophenol at high temperatures up to 70 ·C. 
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Table 4.1 Retention factor of phenolic compounds as a function of temperature 
using different pro potions of oranic modifier 
Retention factor (k) 
~ompounds Mobile phase at different column temperature 
ACN/H,O 30' C 40' C 50' C 60' C 70' C 80'C 90'C 
Phenol 50-50 0.64 0.58 0.49 0.47 0.42 0.41 0.37 
40-60 0.99 0.87 0.79 0.68 0.59 0.54 0.47 
30-70 1.93 1.67 1.49 1.27 1.12 0.99 0.91 
20-80 3.58 3.38 2.85 2.45 2.10 1.77 1.53 
~-Cresol 50-50 1.09 0.98 0.86 0.78 0.69 0.63 0.57 
40-60 1.95 1.72 1.52 1.30 1.16 1.03 0.90 
30-70 4.48 3.86 3.42 2.87 2.51 2.17 1.91 
20-80 9.46 8.80 7.55 6.53 5.45 4.41 3.75 
~-Chlorophenol 50-50 1.26 1.12 0.94 0.87 0.77 0.71 0.62 
40-60 2.53 2.14 1.88 1.57 1.34 1.18 1.09 
30-70 6.47 5.37 4.59 3.70 3.15 2.30 2.19 
20-80 9.46 8.80 7.55 6.53 5.45 4.41 3.75 
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Figure 4.2 illustrates the linear relationship for phenol between the logarithm 
of retention factor and the reciprocal temperature as well as the percentage of 
acetonitrile in the mobile phase on polystyrene divinylbenzene column. Similar 
behaviour was observed for toluene on aDS stationary phase on changing 
temperature and percentage of acetonitrile in the mobile phase over the range 
from 40 to 90 % [65]. 
Percentage (vlv) of ACN 
~ U ~ ~ W % ~ ~ W ~ 
3 r---~--~--~--~--~------~--~~ 
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'" 
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'" 1 
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• • • 
o • • • 
• • ~ • 
-1 ~--~----__ --__ ----__ ----__ ------~ 
0.0027 0.0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034 
1fT (11 K) 
Figure 4.2 Retention factors of phenol at (. ) different temperatures with 
30 % acetonitrile mobile phase and (. ) effect of changing the 
composition of acetonitrile-water eluent at 30°C on PS-OVB column. 
Bowermaster and MeN air [329] have been shown that a 1 % increase in 
acetonitrile concentration has the same effect as 5 "C increases in column 
temperature in controlling solute retention. A similar relationship for 
homologous n-alkylbenzenes was found in acetonitrile /water (1 %, 5 0c) by 
Chen and Horvath [330] and resently for the separation of the triazole 
fungicides by Sanagi and co-workers [331]. 
In the present study an equivalent separation was obtained at 30 ' C with 40 
% acetonitrile as at 80 °C with 30 % acetonitrile, and 30 ' C with 30 % 
acetonitrile was equivalent to 80' C with 20 %. This indicates that retention 
can be controlled either by the amount of organic solvent in the mobile phase 
or by column temperature. 
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4.2.1 Effect oftemperature on the column separation mechanism 
The thermodynamics of the separation can be calculated from the 
temperature and retention data [27, 263, 331] by using the van't Hoft 
relationship to determine the standard enthalpies and entropies of the transfer 
of a solute from the mobile phase to the stationary phase. Figures 4.3 - 4.5 
show the van 't Hoft plots for the phenols on the PS-DVB column at 50 %, 40 
% and 30 % acetonitrile at increasing temperatures from 30 to 90 ·C (based 
on Table 4.1). A linear relationship was found for each mobile phase with 
good correlation coefficients r2 of more than 0.99. The enthalpy of solute 
transfer 6.H· can be calculated from the slope and the entropy 6.S· obtained 
from intercept in each case (Table 4.2). 
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Figure 4.3 Plot of In k vs 1/Tfor PS-DVB column with mobile phase 
(50/50) (vlv %) waterl acetonitrile. 
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Figure 4.4 Plot of In k vs 1/T for PS-OVB column with mobile phase 
(40/60) (v/v %) acetonitrile/ water. 
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Figure 4.5 Plot of In k vs 1/T for PS-OVB column with mobile phase 
(30/70) (v/v %) acetonitrile/water. 
As there was no significant deviation from linearity in the van't Hoft plot, it was 
concluded , that over the temperature ranges studied, there were no changes 
in retention mechanisms for the phenols at the percentage of acetonitrile from 
50 -30 % ACN mobile phase on PS-OVB column. 
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Table 4.2 Thermodynamic data for phenols on a PS-DVB column with 
decreasing proportions of acetonitrile in the mobile phase 
Mobile phase composition (acetonitrile %) 
Thermodynamic 
Analyte Parametersa 50 % ACN 40 % ACN 30 % ACN 
phenol 
11 H'(kJ Imol) -9.69 -10.36 -11 .70 
11 SO( J/Klmol) -35.69 -34.05 -33.1 
T 11 5°(kJ Imol) -11 .52 -10.99 -1 0.7 
11 G"(kJ/mol) 1.8 0.63 -1 
Correlation 
coefficient (r' ) 0.9923 0.9979 0.9977 
a-cresol 
11 H'(kJ Imol) -9.88 -11 .84 -13.06 
11 5°( J/K Imol) -31 .83 -33 .36 -30.47 
T 11 5°(kJ Imol) -10.23 -10.78 -9.84 
11 G" (kJ/mol) 0.35 -1.06 -3.22 
Correlation 
coefficient (r') 0.9994 0.9928 0.9972 
p- chlorophenol 
11 H'(kJ Imol) -10 .6 -1 4.09 -16.08 
11 5°( J/Klmol) -33.09 -38.64 -37.35 
T 11 5°(kJ Imol) -10.69 -12.48 -12.06 
11 G"(kJ/mol) 0.09 -1.61 -4.02 
Correlation 
coeffic ient (r' ) 0.9943 0.9969 0.9977 
, . 
a The r correlation coefficient IS for the linear fit of the van t Hoff plot for T : 323 K. 
With all these mobile phase compositions, llW and IlSo are both negative for 
all solutes under the experimental conditions. As expected, the llHo values 
-became more negative with decreasing acetonitrile content in the mobile 
phase. This shows that a strong retention interaction between the mobile and 
stationary phase occurred when the percentage of organic modifier in the 
eluent was decreased and the hydrophobic effect dominated the separation . 
This is agreement with the observation that llHO for test solutes on PS-OVB 
column became more negative with decreasing acetonitrile from 20 % to 0 in 
the mobile phase [263]. 
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The transfer of solute from the mobile phase to the stationary phase is 
enthalpically driven and entropically driven at increased temperature. 
The enthalpies (b.H' ) values of solute transfer for the phenols were plotted 
against the percentage of acetonitrile in the mobile phase (Figure 4.6) and 
showed a slight increase with increased modifier. 
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Figure 4.6: Enthalpies for phenolic compounds at different percentages 
of acetonitrile on PS·DVB 
The driving force of a separation is determined by the Gibbs free energy 
where b. HO and Tb. S' are contribute to free energy [331). Thus, if when .b.Ho 
is compared to Tb. S' over the temperature range studied and the magnitude 
of b. HO is greater than that of Tb. So, it indicates that enthalpy played a greater 
role in the retention process than entropy. In this study, the value of .b.H" 
became more negative as the alkyl side chain increased, demonstrating that 
the retention of these compounds is an exothermic process due to stronger 
interaction of the solutes with the stationary phase. As expected, the values of 
the enthalpy became more negative with decreasing acetonitrile content in the 
mobile phase composition, this indicated a stronger interaction between 
solute and stationary phase as the percentage of acetonitrile was reduced 
[185). The values of b. H' and b. S' on the PS-DVB column are in agreement 
with previous studies [263). As the organic content of the mobile phase was 
increased, the retention becomes more entropically driven. Wysocki [332) also 
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observed a decrease in entropy as the organic modifier concentration was 
increased to 40- 50 % and concluded that a loss of order of the solutes 
occurred in the mobile phase, because the stationary phase was wet and alkyl 
chains were solvated. This supported the idea that the solute was more 
ordered on the stationary phase than in the mobile phase. 
When 80:20 % water-acetonitrile was used as the mobile phase over the 
temperature range of 30·C to 90 ·C the retention factors were larger (Table 
4.1 ) and the van 't Hoff curve on a PS-OVB column was found to be non-
linear (Figure 4.7) . 
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Figure 4.7: Plot of quadratic relationship between In k vs 11T for PS-OVB 
column with 80-20 water-acetonitrile (vlv %) mobile phase. 
In an earlier study on PS-OVB with 20-80 acetonitrile-water [14], a PLRP-S 
column showed a non-linear van't Hoff relationship whereas a linear 
relationship was found for a Hypercarb column. In other studies, acetonitrile 
also showed non-linear van ' Hoff behaviour [40, 51]. It was suggested that 
non-linear van't Hoff relationships were observed as the retention mechanism 
changed because of the effect of temperature on the properties of the mobile 
phase and it did not complete wet the stationary phase at low percentage of 
organic modifier. [105] . Horvath at el.[62] attributed this non-linear correlation 
in mobile phases with high proportions of water to a change in the solvation of 
the stationary phase. Morel and Serpin [264] found the viscosity is not depend 
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simply on temperature but also changes with the mobile phase composition. 
The viscosity of the mobile phase plays a role in the solvation of PS-DVB, 
which result in a slow diffusivity of solute in the stationary phase and thereby 
affects the retention of phenols. Li and Carr [333) measured the change of 
viscosity with composition of acetonitrile-water and methanol-water mixtures 
at different temperatures and concluded that an aqueous acetonitrile has a 
maximum viscosity at a composition of 15 % to 20 % water. 
The parameters a, band c (equations 3.1 .5.2) (see Chapter 3 for details) 
were derived from Solver in Excel!. These were then used to 
get Mr, DSo, C!.Go, C!.C; . Figure 4.8 and Figure 4.9 show the plot of the 
thermodynamic parameters with temperature dependence. 
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Figure 4.8: Temperature dependence of derived values heat capacity 
( C!.C; ) associated with retention of phenols on PSDVB 
95 
Chapter 4 Separation with low percentage of modifier 
o 
-5 
"'0 . 10 
.§ 
~ -15 
x -20 
<I 
-25 
a 
-30 I--_-~--~-_-_--~~ 
0_0027 0_0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034 
o 
-10 
=- -20 
~ -30 
g--40 
-, 
~-50 
<I -60 
-70 
1/T(1/K) 
• phenol • o-cresol p.chlorophenol 
b 
-80 J---_--__ --_--_--~ 
o 
-1 
-2 
I~ 
~ -5 
<I 
-6 
-7 
7 8 9 10 11 
11T'( .10' ) 
• phenol _ o-cresol p-chlorophenol 
c 
-8 ~--__ --~--__ --~--~--~--_ 
12 
0.0027 0_0028 0.0029 0.003 0.0031 0.0032 0.0033 0.0034 
1fT(1rK) 
-+- phenol ___ o-cresol p-chlorophenol 
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4.2.2 Methylene selectivity on PSDVB 
It was observed that the methylene selectivity (Table 4.3) between phenol 
and o-cresol decreased on increasing the temperature and increased as 
expected on decreasing the percentage of acetonitrile in the mobile phase. 
These results are in agreement with those observed by Grushka et al. [72) 
who compared the methylene selectivity at different temperatures and 
Zepeeda et al. [40), who compared methylene selectivity at different mobile 
phase compositions. This is also agreed with Akapo and Simpson [37) who 
found that the methylene and phenyl selectivity was unaffected by the carbon 
content of the bonded phases and affected by eluent composition. 
Table 4.3: Variation of methylene select ivity on PS-DVB column between 
o-cresol and phenol as a function of mobile phase composition and 
column temperature 
Mobile 
hase Meth lene Selectivit a at different column tern erature 
% ACN 
(% v/v) 30 ' C 40 'C 50 ' C 60 'C 70 'C ao'c 90 ·C 
50% 1.71 1.69 1.70 1.67 1.64 1.55 1.54 
40% 1.97 1.96 1.92 1.91 1.91 1.91 1.91 
30 % 2.32 2.31 2.30 2.26 2.23 2.2 2.09 
20 % 2.64 2.60 2.65 2.67 2.6 2.49 2.45 
4.2.3 Summary of separation on PS-DVB Column 
The polystyrene divinylbenzene column shows linear van't Hoff plot with 
different percentage of acetonitrile but this linearity changed at low 
percentage of acetonitrile (20 % ACN) in the same range of temperature. This 
nonlinearity was due to the effect of temperature on the properties of the 
mobile phase and it did not complete wet the stationary phase at low 
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percentage of organic modifier. Therefore, hybrid stationary phases used to 
study the effect of temperature at low percentage of organic solvent. 
4.3 Studies on hybrid phases 
An alternative thermally stable column type is provided by the hybrid phases 
based on a mixed organic-silica structure (Chapter 2.8.2.1 ) and a number of 
hybrid phases with different selectivities and good stability to hydrolytic attack 
at high/Iow pH have been introduced [230]. In this study, the new hybrid 
stationary phases XTerra MS C18 and XTerra phenyl columns were 
compared at elevated temperatures with low percentages of methanol (10 and 
5 %) in order to evaluate the performance of the columns in comparison to the 
established PS-DVB phase for high temperature separations. XTerra phenyl 
has short-chain phenyl ligands based on bifunctional bonding process 
whereas XTerra MS C 18 has long C 18 bonded chains based on a trifunctional 
bonding process [230] . The columns are different in their surface carbon 
loading, 15.53 % for XTerra MS C18 and 12.57 % for XTerra phenyl .The 
carbon incorporated into the hybrid particle is ignored, and it is only the 
ligands bonded to the surface after the particle formation, which are 
considered. 
To test the temperature dependence of retention with low percentages of 
methanol and to compare the selectivity of the hybrid phases, a set of 
aromatic test compounds were selected with different functional groups, 4-
aminoacetophenone, 4-hydroxyacetophenone, 2-phenylethanol , o-cresol , 
nitrobenzene, acetophenone, 3-phenylpropanol, and propiophenone. These 
compounds were chosen to test the effect of the electron-donation , electron 
acceptance and dipole-dipole interactions in low percentage of methanol [334]. 
4.3.1 XTerra MS C18 
The separation of the selected aromatic test compounds with different polarity 
and homologous phenols were examined as a function of temperature at low 
percentage of organic modifier (Table 4.4). In each case, there was a marked 
decrease in the retention factors on going from 40 ·C to 90 ·C. It was 
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observed that the analysis time decreased by about 5- fold in 10% methanol, 
whereas at 5 % methanol in the mobile phase, the analysis time decreased by 
about 8-fold. Figure 4.10 shows the separation of acetophenone and its 
derivatives at 100 'C with 5 % MeOH . 
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Figure 4.10.: Separation of mixture of test compounds at 100°C with 5% 
MeOH. Compounds: (1) 4- aminoacetophenone, (2) 4-hydroxy-
acetophenone, 3) acetophenone on X-Terra MS C18 with flow 1.0 ml/min. 
Figure 4.11 illustrates controlling the selectivity effect as a function of 
temperature from 40 'C to 90 ·C. For example, the retention for 
propiophenone is decreased substantially by increasing the temperature 
whereas decreasing in retention for aminoacetophenone is more modest over 
the same temperature range. The back-pressure reduced from 132 to 65 bar 
at increase temperature from 40 to 90'C because of effect of temperature on 
viscosity of the mobile phase. At 10 % MeOH, the selectivity of the column 
decreased on increasing the temperature from 40 to 90 ·C. For example, 
peaks 4 and 5 were fully resolved at 40 'C but merged at 60 'C and eluting as 
a single peak (Figure 4.11). However, peaks 6 and 7 (nitrobenzene and 
acetophenone), are more resolved at high temperatures, another 
consideration from the chromatograms is the peak height response for each 
solute, which is significantly higher as the temperature increase results in an 
improvement of signal to noise. 
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Table 4.4: Retention factors for test compounds as a function of 
temperature using low percentage organic modifie 
Solutes Mobile Retention factor at different column temperature 
phase 
% of 
Me OH 40 ·C 50 ·C 60 ·C 70 ·C 80 ·C 90 ·C 100 ·C 
4-amino- 10 % 4.60 3.74 3.02 2.48 2.07 1.95 -
acetophenone 5 % 9.29 7.4 1 5.91 4.72 3.56 2.82 2.17 
4-hydroxy- 10 % 7.98 6.21 4.81 3.79 3.03 2.69 -
acetophenone 5 % 16.03 12.09 9.29 7.16 5.22 3.98 2.95 
10 % 23 .98 19.76 16.43 13.13 10.83 9.90 -
acetophenone 5 % 44.64 36.26 29.41 23 .79 18.15 14.18 10.59 
10 % 14.95 12.78 10.77 8.90 7.45 6.48 
2-phenylethanol 5 % 23.29 19.12 17.78 14.05 11 .06 9.48 
10 % 16.56 13.62 10.96 8.92 7.29 6.35 
2-cresol 5 % 23.52 19.70 15.80 13.05 10.37 8.31 
10 % 21 .51 18.02 14.79 12.18 10.08 9.10 
nitrobenzene 5 % 30.87 26.10 21.86 17.97 14.71 12.01 
10 % 42.92 35.18 28.49 22.54 18.10 16.01 -
3-phenylpropanol 5 % - 65 .32 50.46 39.20 36.01 24 .18 18.84 
10 % 72.56 59.51 47.63 40 .58 36.18 26 .25 -
Propiophenone 5 % 94.16 88 .23 82.60 66 .22 52.96 41 .14 32.40 
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Figure 4.11 : Separat ion of test compounds w ith 10 % MeOH at f low rate 
1mllmin on XTerra MS C18. Peaks: 1) uracil, 2) 4-aminoacetophenone, 3) 
4-hydroxyacetophenone, 4) 2-phenylethanol, 5) 2-cresol , 6) nitrobenzene, 
7) acetophenone, 8) 3-phenyl propanol, 9) propiophenone. 
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4.3.1.1 Influence of temperature on separation mechanism of test 
compounds 
To understand of the effect on retention process for test compounds with low 
percentage of organic, plots of In k versus 11T (van't Hoff relationship) were 
made for low percentage methanol (10 % and 5 %) over the temperature 
range used. The plots for all test solutes fit very well with a linear correlation 
as evidence by ~ values presented in Table 4.5 with thermodynamic data. 
Because the van't Hoff curves showed no significant in deviation from linearity 
of In k as a function of the reciprocal absolute temperature (Figure 4.11-
Figure 4.14) it can be concluded that over the temperature range there was 
no significant change in retention mechanism for the compounds studied . 
Since van 't Hoff plots were linear for all the solutes, /';1-1" associated with 
transfer of solute from the mobile to stationary phase can be calculated from 
the slope and the intercept, representing entropy plus the column phase ratio 
are presented . For RPLC columns phase ratios (q» are different and difficult to 
obtain. Column manufacturers as a part of their quality control do not 
determine phase ratios. Therefore, in contrast to /';H" values, the absolute of 
entropy data between the various columns cannot be compared . /,;S' is a 
measure of the ordering of the stationary phase chains. For a single column , 
Rand q> are constant Therefore the values in Table 4.5 for single column can 
be compared for measure /,;S' by assuming constant phase ratio. 
A review of the literature values for /';1-1" at low percentages of methanol 
showed striking differences from the hybrid phases. For instance, Lee and 
Cheong report a /';1-1" value for acetophenone of -9.5 kJ Imol with 60/40 
MeOH Iwater mobile phase on squalane- impregnated C18 column and /';H" 
values became less negative with increasing methanol content from 60 to 80 
% MeOH due to dominating cavity formation compared to solute-phase 
interaction [36] . Sanagi and See reported /';1-1" for acetophenone of was 
- 35.72 kJ Imol on PS-OVB at 10 % ACN which increased to -49.30 kJ/mol by 
decreasing percentage of acetonitrile to 1 % [263] . Other researcher have 
reported /';1-1" values range from -8.37 to -16.47 kJ/mol (-2 to -4 kcal/mol) for 
102 
Chapter 4 Separation with low percentage of modifier 
small and non-polar solutes on aDS bonded silica columns with aqueous 
organic mobile phase [72]. Li and Carr [335] found similar values of 
alkyl benzene on polybutadiene (PBD) coated zirconia phase. 
The magnitude of the carbonyl group-solvent interaction enthalpies in 
acetophenone are larger than p-aminoacetophenone and p-hydroxy-
acetophenone because both these solutes have hydrogen bonding sites that 
can interact strongly with the stationary phase in the presence of mobile 
phase. As expected, L1H" values increased with decreasing percentages of 
organic modifier as the mobile phase became more aqueous solution due to 
dominating hydrophobic effects. The entropy L1S" becomes more ordered at 
decreasing mobile phase composition [36]. 
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Table 4.5: Comparison of thermodynamic data at low percentage of 
methanol on XTerra MS C18 column 
Thermodynamic data at different mobile phase composition 
L'> H' (kJ/mo.l) L'>S' (J/K/mol) Correlation (r' ) 
% of MeOH 10 % 5 % 10 % 5 % 10 % 5 % 
4·aminoacetophenone -18.42 -22.44 -46.13 -52.89 0.9998 0.9947 
4hydroxyacetophenone -22.31 -26.10 -53.95 -60.08 0.9997 0.9966 
2-phenylethanol -16.10 -21 .36 -28.74 -28.31 0.9944 0.9943 
2-cresol -18.15 19.97 -34.55 -37 .12 0.9935 0.9925 
nitrobenzene -16.77 17.89 -27.99 -28.28 0.9950 0.9942 
acetophenone -18.31 -21.46 -31 .99 -36.65 0.9987 0.99 16 
3-phenylpropanol -19.21 -25.36 -29.99 -43.36 0.9949 0.9949 
propiophenone -18.21 -22.43 0.9853 
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4.3.1.2 Influence of temperature on separation mechanism of 
homologous phenols 
In a further investigation of the XTerra MS C18 column, homologous phenols 
were investigated at 10 and 5 % methanol at different temperatures .Table 4.6 
shows the effect of the elevated temperature on retention at low percentage of 
methanol. 
Table 4.6: Effect of temperature on the retention factors of homologous 
phenols 
Mobile Retention factor k at different column temperature ' C 
phase 
Compounds %(w/w) 
MeOH 50 'C 60 'C 70 ' C 80 ' C 90 'C 100 'C 
phenol 10 % 4.58 4.03 3.52 2.92 
5 % 4.51 3.84 3.24 2.70 
cresol 10 % 13.65 11 .74 9.94 8.05 
5 % 13.92 11.54 9.43 7.58 
ethylphenol 10 % 40.31 33 .41 28.01 21 .89 
5 % 41.45 33.35 26.35 20.38 
propylphenol 10 % 133.44 103.65 85.29 63.93 
5 % 133.81 103.55 78.50 58 .04 
It was noted that phenols with higher hydrophobicity retained longer on 
XTerra MS C18 column due to the strong hydrophobic interaction at 
decreases organic percentage in the mobile phase. Figures 4.15 illustrate 
chromatog rams of phenols separation at high and low temperature with 10 % 
MeOH and the effect of temperature in the retention factor for phenol was 
plotted in Figure 4.1 6. The effect of temperature in the phenol separation with 
5 % methanol shows in Figure 4.17 and the retention factor for phenols 
plotted in Figure 4.1 8. 
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Figure 4.19 shows the equivalent separation for phenols between 10 % 
MeOH at 50 ' C and at 5% MeOH at 70 ' C. Thus the effect of 1 % MeOH has 
the same effect as a 5 'C increase in the column temperature. The separation 
at 5 % was more efficient than 10 % MeOH. This probably because of 
improves in the bonded solvation and an increase in the solute interaction 
with stationary phase at elevated temperature [32, 266] . The higher efficiency 
at 5 % MeOH is suggested to be as a result of the effect of the higher 
temperature in increasing the diffusion coefficient in the mobile phase and 
decreasing the mass transfer of the solute in the stationary phase . 
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Figure 4.19: Equivalent separation on XTerra MS C18 at different low 
percentage MeOH and temperature at flow rate 1 ml/min, injection 
volume 10 IlI.Compounds; 1) phenol, 2) p-cresol, 3) p-ethylphenol, 4)p-
propyl phenol. 
Each solute gave a straight line fit in a van't Hoff plot (see Figure 4.20 for 
10% methanol solid marks and 5% open marks ) as evidenced by correlation 
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~ values and the !!.H" of the solute transfer values can be determined (Table 
4.7). In each case, the magnitude of the enthalpy values of phenol increased 
with decreasing percentage of methanol due to hydrophobic effect. It can 
seen that the solute transfer from the mobile phase to the stationary phase is 
enthalpically favourable (- sign) and entropically unfavourable (-sign). 
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Figure 4.20 Effect of temperature on retention factors of phenol 
homologues on XTerra MS C18 column with 10 % MeOH (+) phenol, (. ) 
p-cresol, ( ) p·ethylphenol, (x) p.propylphenol and with 5 % MeOH (0 ) 
phenol, (0) p-cresol, ( ) p-ethylphenol, (x) p-propylphenol 
By comparing the enthalpy values at 5 % and 10 % methanol, it can see that 
the enthalpy of transfer of solute increases with a decreased percentage of 
methanols in mobile phase. The enthalpies of transfer of the phenols from the 
methanol-water (10:90) on XTerra MS C18 for alkylphenols are between -13 
to -22 kJ/mol whereas in methanol-water (5:90) was from -18 to -29 kJ/mol. 
Woodbum and co-workers found than the enthalpy of transfer from methanol-
water or acetonitrile-water to C 1, C4 and C8 phases for alkyl benzene and 
polycyclic aromatic hydrocarbons (PAHs) increase by increasing amount of 
organic and solute hydrophobicity. The enthalpy varied from -10 to -28 kJ/mol 
on octyl-silica [102]. 
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Table 4.7: Comparison of thermodynamic data for homologous phenols 
with 10 and 5 % (wlw %) methanol mobile phase on XTerra MS C18 
Mobile Phase Thermodynamic phenol p-cresol p-ethyl p-propyl 
Parameters phenol phenol 
10 :90 l> HO (kJ/mol) -13 .58 -16.38 -18 .74 -22.44 
(methanol :water) 
Intercept ,In(k), -3.53 -3.48 -3.28 -3.46 
correlation (r) 0.9835 0.9881 0.9888 0.9913 
5 :95 l> HO (kJ/mol) -18 .13 -21 .51 -25.11 -29.56 
(methanol :water) 
Intercept, ln(k) -4.84 -4.89 -4.90 -5.45 
correlation (r ) 0.9974 0.9965 0.9958 0.9962 
6H" value for phenol on PS-OVB column was -27.87 kJ/mol at 10 % ACN and 
-35.05 kJ/mol at 1 % ACN in the mobile phase. The increase in the enthalpy 
value for phenol because PS-OVB more hydrophobic compared to silica 
phase [263]. However, Lee and Cheong [36] measured enthalpy for phenol 
and other test solutes on squalane-impregnated C18 column for wide range of 
methanol. The enthalpy for phenol was by the value -13.3 kJ/mol at 10/90 
MeOH/water and decreased at increase percentage of methanol in the mobile 
phase. This value is simi lar to our study at 10 % MeOH on XTerra C18. Li 
and Carr [335] calculated the enthalpy of solute transfer values for 
alkyl benzene on PBO-zirconia and computed values ranging from -8.66 k J 
mor1 (-2.07 kcal mor1) to -16.73 k J mor1 (-4.00 kcal mor1) for benzene and 
found similar va lues on a conventional C18 phase. It is suggested that the 
reason for high enthalpy in XTerra MS C18 due to high hydrophobic retention 
mechanism with low percentages of methanol. 
By plotting 6H against the number of methylene units, a linear plot is obtained 
(Figure 4.21 ) and the enthalpy change associated with an addition of a 
methylene group o(Mf~II,) can computed from the slope as in equation 3.12. 
The values for homologous with 10 % and 5 % methanol was -2.89 and -3.7 
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kJ/mol respectively (Table 4.8). These values are larger than values reported 
for other homologous series with higher % modifier mobile phase which are 
between -1 .1 to -1.67 kJ/mol [335). The relatively large o(Mf~fJ value found 
for XTerra MS C18 with low percentage of methanol could be because the 
column is more hydrophobic at the low percentages of methanol. 
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Figure 4.21: Plot of the enthalpy change from Table 4. 7 against the 
number of the methylene groups for alkylphenol on XTerra MS C18 
column, compounds: phenol (0); p-cresol (1); p-ethylphenol (2); p-
propyl phenol (3). 
Table 4.8: Comparison the reported values for the enthalpy of the 
transfer methylene group on the different C18 columns 
Mobile Stationary 
Homologus series phase phase 15(IIH"(kJ/mol) 
alkylphenols' 10 % MeOH XTerra MS C18 -2.89 
alkylphenols' 5 % MeOH XTerra MS C18 -3.79 
Alkylbenzene[72) 90% MeOH Hypersil C-18 -1.1 
Alkylbenzene[72) 80% MeOH Hypersil C-18 -1.72 
n-alkanols-
DNPHs[335) 80 % MeOH Nucleosil C-18 -1 .76 
2-n-alkanols-
DNPHs[ 335) 80 % MeOH Nucleosil C-18 -1.67 
• Determined by the slope from the Figure 4.21 for XTerra MS C18 column. 
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By comparison of retention for p-propylphenol and p-ethyl phenol , it can be 
see that methylene selectivity decreased at increasing temperature (Figure 
4.22) . 
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Figure 4.22: Change in methylene selectivity between p-propylphenol 
and p-ethylphenol with temperature for different low percentage 
methanol on XTerra MS C18 column. 
From these graphs for the methylene selectivity I:J.I:J.H at 10 % between p-
propylphenol and p-ethylphenol was determined to be -3.9 kJ/mol and the 
entropy contribution to methylene selectivity I:J.I:J.S was - 2.26 J/KlmoL The 
enthalpy for the methylene selectivity (I:J.I:J.H) at the lower percentage of the 
methanol to 5 % was - 4.45 kJ /mol whereas entropies of methylene 
contribution were -3.2 J/KlmoL As expected , the enthalpy and entropy 
contribution to methylene selectivity become larger at decreasing percentage 
of methanol. 
The same comparison can be made for 2-phenylethanol and 3-
phenylpropanol, and of acetophenone and propiophenone (Figures 4.23). As 
the temperature increased, the log methylene selectivity decreases linearly. 
The methylene selectivity for the ketones was more than for alcohol due to the 
stronger effects of hydroxyl group. Similar differences in methylene selectivity 
was observed before in aqueous ACN mobile phase on an ODS [72J. 
The enthalpy for the methylene selectivity I:J.I:J.H between the ketones was -2.3 
kJ/ mol and the methylenic contribution to the entropy (I:J.I:J.S) and free energy 
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(lIlIG) was -1 .86 J/Klmol and -0.6 kJ/mol respectively. The methylenic 
contribution to the enthalpy (lIlIH) between 2-phenylethanol and 3-phenyl 
propanol was calculated as -3.7 kJ Imo l whereas lIlIS was -3. 1 J/Klmol and 
lIlIG -0.99 kJ Imol. The data fall within the range of li terature va lues noted 
above [44, 337]. 
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4.3.2 XTerra p henyl column 
The effect on r 
also evaluated 
etention of test solutes under low percentage of methanol was 
on XTerra phenyl column and the results (Table 4.9) used to 
ention properties with the XTerra C18 column. compare the ret 
Table 4.9: R etention factor of test compounds as a function of 
sing different proportions of organic modifier on XTerra temperature u 
phenyl column 
Mobile Retention factor(k) at different column 
Test compounds phase temperature 
% of 40 'C SO·C 60 'C 70 ·C ao 'c 90 ' C 
MeOH 
4-aminoacetophe none 10 % 4.34 3.36 2.67 2.23 1.82 1.46 
5 % 6.10 4.76 3.75 3.02 2.41 1.97 
4-hydroxyacetop hen one 10 % 5.78 4.41 3.42 2.80 2.23 1.74 
5 % 7.17 5.68 4.42 3.50 2.75 2.2 
acetophenone 10 % 20.44 15.05 12.35 9.69 7.54 5.78 
5 % 28.28 21 .67 16.59 12.79 9.76 7.68 
2-phenylethanol 10 % 9.67 7.96 6.07 S.17 4.S1 3.72 
2-cresol 10 % 10.51 8.37 6.87 5.27 4.44 3.57 
nitrobenzene 10 % 18.25 14.16 11.49 8.58 7.15 5.73 
3-phenylpropanol 10 % 27.11 21 .03 17.11 12.64 10.38 8.06 
propiophenone 10 % 84.27 60.60 33.94 25.00 18.78 14.17 
As expected, in creasing the temperature from 40 to 70 ·C led to a decrease in 
f hydrophobic compounds at low percentage of methanol and 
tention order between compounds. 
the retention 0 
no change in re 
As shown in 
increased from 
ethanol (peaks 
Figure 4.25, the selectivity decreased as the temperature 
40 to 90 ·C [338]. This was obvious for o-cresol and 2-phenyl 
4 and 5) which were fully resolved at 40 ·C and became 
C. The resolution between these compounds was drastically 
·C and eluted as a single peak and reversed their elution 
merged at 90 • 
reduced at 80 
1 15 
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sequence at 80 ·C. This was confirmed by injecting each compound 
individually. The partly resolved peaks for nitrobenzene and acetophenone 
(peaks 6 and 7) also merged at higher temperatures. These last compounds 
were resolved on the XTerra MS C18 column at high temperature indicating a 
different selectivity to the XTerra phenyl column . 
Q) 
u 
c 
os 
.Q 
... 
o 
III 
.Q 
cC 
> ~ 
••• 
••• 
3 •• 
20. 
'". 
•• 
-, . 
• 00 
' 00 
300 
2 •• 
, .. 
00 
-,. 
.-
.-
3 _ 
200 
, eo 
•• 
-, . 
, 
• 
· 
, 
• 
3 
••• 
B . 7 
2 
,. 
3 
. .. 
2 
,. 
3 
... 
f 
,. 
.. 0 % M _ O H a t 9 0 · C 
• 
• A 
2. 3. 4. • • 
" 0'% _ -oH . t 110 · 0 
0+7 
. A-
= •• .. .. 
.. 0 % _ .OH _ I. 7 0 · C 
·A • A 
2. •• •• .. • 
Time (min) 
Figure 4.25: Effect of a change in temperature on selectivity for test 
solute with 10 % MeOH mobile phase on XTerra phenyl. SOlutes:(1) 
uracil, (2) 4-aminoacetophenone, (3) 4-hydroxyacetophenone (4) , 2-
phenylethanol (5) o-cresol, (6) nitrobenzene, (7) acetophenone, (8) 3-
phenyl propanol, (9) propiophenone, flow rate 1.0 ml Imin, injection 
volume10 Ill. 
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A different selectivity was obtained on XTerra phenyl on increasing the 
methanol to 30 %. The 2-phenyl ethanol and o-cresol (peaks 4 and 5) and 
nitrobenzene and acetophenone (peaks 6 and 7) were resolved . The retention 
factors at 90 ·C with 10 % methanol were similar to the retention factor with 
30 % at room temperature as in (Figure 4.26). 
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Figure 4.26: Separation of mixture different functional group with 30 % 
MeOH on XTerra phenyl (1)uracil, (2) amionacetophenone, (3) p-
hydroxyacetophenone 
(6)acetophenone, (7) 
(4) 2-phenylethanol, 
nitrobenzene, (8) 3-phenyl 
(5) o-cresol, 
propanol, (9) 
propiophenone, flow rate 1.0 ml/min, injection volume10 Ill. 
However, at change mobile phase to low percentage acetonilrile, XTerra 
phenyl provides lower selectivity with 20 % acetonitrile but with higher 
efficiency than 30 % MeOH (Figure 4.27). The change in selectivity is 
because of the difference in retention mechanism by phenyl column is 
dependent on 7C - 7C interaction between analyte and phenyl group in the 
stationary phase. This is agreeing with other work which investigated the 
effect of mobile phase on a phenyl column [339] . 
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Figure 4_27: Chromatograms of test compounds on XTerra phenyl. 
Experimental condition : mobile phase 20 % ACN, flow rate 1mllmin; 
peaks: 1) uracil, 2) 4-aminoacetophenone, 3) 4-hydroxyacetophenone, 4) 
phenol, 5) 2-phenylethanol, 6) o-cresol, 7) acetophenone, 8) 3-phenyl 
propanol, 9) nitrobenzene, 10) propiophenone, injection voume10 III 
Figure 4_28 shows the differences in log k values for different function groups 
with different mobile phases on XTerra phenyl. It can see that a change 
mobile phases or a change in temperature can affect the selectivity of XTerra 
phenyl. 
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Figure 4.28: Retention factor of test compounds at different mobile 
phase and temperatures on XTerra phenyl column. 
Different selectivities were also obtained for acetophenones on changing the 
percentage of acetonitrile from 30 to 20 % (Figure 4.29). 
4-aminoacetophenone and 4- hydroxyacetophenone (peaks 2 and 3) are 
better separated in 20 % than 30 % of acetonitrile mobile phase. 
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Figure 4.29: Chromatograms showing different retention of ketones 
separation in order of elution (1) uracil, (2) 4-aminoacetophenone, (3) p-
hydroxyacetophenone, (4) acetophenone on XTerra phenyl with flow 
rate 1.0 ml Imin and injection volume 10 III at 24°C (ambient 
temperature). 
The eftect of temperature on the column separation mechanism at low 
percentage 10 and 5 methanol on XTerra phenyl can be calculated by 
evaluating van't Hoft plot for each mobile phase. The result of van't Hoft plot 
in Figure 4.30 and Figure 4.31 show no significant deviation from linearity. It 
was therefore, concluded that the retention mechanism remains unchanged 
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over the temperature range. As expected , the curves of the solute do not 
cross-over which means that the order of retention is unaffected by 
temperature. 
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Figure 4.30: van 't Hoft plot for acetophenone derivatives on XTerra 
phenyl w ith 10 % MeOH. 
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Figure 4.31 : van 't Hoft plot for acetophenone derivatives on XTerra 
phenyl with 5 % MeOH. 
The methylene selectivity for the phenols on the XTerra phenyl column was 
studied at decreasing percentage of acetonitrile in the mobile phase at a 
control temperature of 30 ·C (Table 4.10 and Figure 4.32). 
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Table 4.10: Methylene selectivity for homologue phenols on XTerra 
phenyl column 
Mobile phase Methylene t'1GO = - RT In a 
ACN Iwater (% wlw) selectivity (kJ/mol) 
30170 0.56 1460.7 
25175 0.59 1329.2 
20/8 0 0.66 1046.8 
10/90 0.94 155.9 
51 
41 
C< 31 
oS 
21 
1 j 
o l-
-1 0 2 3 
N.n1ber of methylene group 
Correlation 
coefficient ( r') 
. 30%AQ\J 
• 25%AO\I 
2O%AO\I 
x 10 %AO\J 
4 
0.9978 
0.9965 
0.9962 
0.9973 
Figure 4.32: Variation of In k with number of methylene groups for 
homologues series of phenols at different acetonitrile composition at 30 
·C on X-Terra phenyl column with flow rate 1.0 mllmin. 
The corresponding values can also be obtained for the methylene selectivity 
of the alcohols and ketones (Figure 4.33). As temperature increased, 
methylene selectivity decreased as expected . The enthalpy for the methylene 
selectivity IiIiH between the ketones was -5.8 kJ/mol and entropy contribution 
to methylene selectivity IiIiS was -8.56 J/Klmol. Enthalpies for the methylene 
selectivity IiIiH between 2-phenylethanol and 3-phenyl propanol ca lcu lated as 
- 4.76 kJ/mol whereas IiIiS was - 6.6 J/Klmol (Figure 4.34). 
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Figure 4.33: Effect of temperature on methylene selectivity on XTerra 
phenyl column. 
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Figure 4.34: van't Hoff of methylene selectivity with temperature at 10 % 
MeOH on XTerra phenyl. 
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4.3.2.1 Phase collapse 
XTerra phenyl showed odd results with 10 % MeOH for the separation of 
phenol and p-cresol which were not seen with the XTerra MS C18. 
The retention time of phenols was irreproducible in an air oven as the 
temperature changed (Table 4.11 ). The reason for these results was not clear 
and could be related to a phase collapse of the hydrophobic ligand stationary 
phase. 
Phase collapse is a chromatography problematic with retention loss, retention 
irreproducibi lity, increase tailing and long gradient regeneration times [276]. In 
reversed phase, octadecyl C 18 and octyl C8 silica exhibit poorly reproducible 
retentions under more than 98 % aqueous conditions [274]. 
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Table 4.11: Variable and erratic retention times on XTerra phenyl (150 
x4.6 mm) column at 10 % MeOH mobile phase as temperature was 
changed 
Injection Day ColumnTemperature Retention Time (min) 
phenol p-cresol 
13.59 38.07 
First day 40 ' C 14.82 39.43 
7.41 15.93 
50 ' C 7.10 15.37 
6.12 12.22 
60' C 5.98 11.91 
8.75 21 .12 
Second day 70 ' C 9.14 22 .78 
7.70 17 .05 
60 ' C 6.35 16.25 
13.15 36.79 
50 ' C 12.31 33.05 
8.98 21 .28 
Third day 60 ' C 8.11 18.31 
5.95 11 .76 
70 ' C 
5.55 10.57 
5.75 9.65 
60' C 5.29 11 .08 
5.77 10.56 
50 ' C 5.43 9.98 
9.83 25.61 
Fourth day 70 C 9.91 25.63 
11 .79 32.68 
60' C 11 .57 31 .26 
10.99 27.68 
50 ' C 12.54 33.58 
9.47 22.09 
40' C 10.94 26 .72 
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To examine this problem with phase collapse at low percentage methanol we 
repeated the same experiment used an XBridge phenyl column using air 
circulating oven (Table 4.12) which showed good reproducibility. 
Table 4.12: Retention time for phenols on XBridge phenyl column 
(150 x4.6 mm) at 10 % MeOH as temperature changed 
Column Retention time(min) 
Injection day Temperature (· C) phenol p-cresol 
11.02 25.51 
First day 40 ·C 11 .03 25.52 
9.28 20.03 
50 · C 9.26 20.61 
7.86 16.72 
60· C 7.87 16.73 
6.79 13.85 
Second day 70 · C 6.81 13.84 
7.94 16.94 
60 · C 7.95 16.95 
9.37 20.85 
50 · C 9.35 20.81 
7.94 16.88 
Third day 60 · C 7.93 16.88 
6.78 13.75 
70 · C 6.77 13.74 
7.95 16.89 
60· C 7.93 16.88 
9.35 20.79 
50 · C 9.36 20.81 
6.73 13.68 
Fourth day 70 C 6.73 13.59 
7.93 16.75 
60· C 7.92 16.53 
9.34 20.72 
50 · C 9.34 20.68 
11.11 25.71 
40' C 11.1 0 25.69 
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driven circulating air oven , Ne 
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was not caused by slow equilibration in a fan-
w XTerra phenyl column was examined in a 
temperature controlled stirred by water bath for same compounds and mobile 
ere again irreproducible (Table 4.13). This 
e due to variable phase collapse . In the next 
bed due to effects of high temperature and 
tionary phase. 
phase. The retention times w 
suggested that problem could b 
chapter, phase collapse des cri 
highly aqueous phase on the sta 
Table 4.13: Retention time for phenols on XTerra phenyl in a water bath 
Column temperature Re 
in water bath oven 
40 ·c 
60·C 
80 · C 
60 ·C 
40 ·C 
tention time (min) 
phenol 
10.44 
10 .20 
8.10 
8.19 
6.94 
6.97 
8.14 
8.36 
10.23 
10.31 
Retention time (min) 
p-cresol 
26.71 
26.06 
19.11 
19.19 
15.28 
15.37 
19.64 
19.38 
26.61 
26.60 
4.3.3 Comparison between XT erra hybrid C18 and phenyl phases 
The results from the XTerra M 
compared to determine the effe 
S 18 and XTerra phenyl hybrid phases were 
ct of ligand density as well as interaction with 
emperature. XTerra phenyl has short- chain residual silanol group at high t 
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phenyl ligand with bifunctional bonding and low carbon load (12%). compared 
to XTerra MS C18 (15 %). The higher carbon loading should result in an 
increase of retention factor (k ) due to an increase of the hydrophobic 
interactions. 
Figure 4.35 shows a retention comparison of XTerra Ms C18 versus XTerra 
phenyl columns for aromatic test compounds. 
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Figure 4.35: Retention comparison for test compounds for XTerra 
phases at 10 % MeOH and 90 ·C. 
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Figure 4.36 show separation chromatograms for two XTerra phases under 
same conditions of the temperature and mobile phase . 
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Figure 4.36: Comparison of retention at 10 % MeOH at 90'C on a) XTerra 
MS C18 and b) XTerra phenyl columns (compounds as in the Figure 4.11 
and Figure 4.25). 
Figure 4.37 shows a comparison of XTerra MS C18 versus XTerra phenyl 
demonstrated that XTerra MS C18 offers different chromatographic selectivity 
for test solute compared to XTerra phenyl some compound being retained 
relatively more and some less. The selectivity difference If between the two 
columns is low. The large scatter 52 means the significent selectivity 
difference between the columns. The selectivity differences can be attributed 
to the nature of the packings. More recently, Neue et al. [340, 237] found that 
the selectivity differences between hybrid packings that differ only in chain 
length (C8 and C 18) were small . However, larger effects are found when 
compared hybrid packing as standard C8 chain with packing with an 
embedded polar group (RP8) or phenyl with an embedded polar group (RP· 
18). 
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Figure 4.37 : Selectivity comparison for test compounds on XTerra 
phases for test solutes at high temperature 90 'C and 10 % MeOH 
(Compounds as Figure 4.11 ). 
The efficiency of XTerra MS C18 and XTerra phenyl were compared for test 
solute at 10 % MeOH under 90 'C (Figure 4.38). Generally XTerra MS C18 
was more efficient XTerra phenyl only produced acceptable column efficiency 
for the more retaining compounds. The symmetries of the two columns were 
also generally similar (Figure 4.39). 
• XTerra MS C18 600000 
I • XTerra phenyl • • 500000 • z 
• ,., • • • u 400000 • • c • • ~ • U 300000 ;: 
w • • 
200000 
100000 
0 
Figure 4.38: Comparison the efficiency on XTerra phases 
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Figure 4.39: Symmetry comparison for test compounds on XTerra C18 
and phenyl phases at 10 % MeOH and 90 ·C. 
To compare the effect of temperature on retention mechanism between 
XTerra MS C18 and phenyl columns at 5 % and 10 % percentage of methanol, 
the values of the enthalpy and entropy of the acetophenones on the two 
columns are listed in Table 4.14 The enthalpy of the analytes on XTerra 
phenyl column is higher than on XTerra MS C18 because of the 1t - 1t 
interactions with the phenyl group on the surface of the stationary phase in 
addition to the hydrophobic interactions. This has also been observed by 
other groups most recently by Yang and Min [339]. The enthalpy at 10 % 
MeOH also compared for test compounds on XTerra MS C18 and XTerra 
phenyl columns. Table 4.15 shows this comparison of thermodynamic values 
indicating that XTerra phenyl is more than on XTerra MS C18. The trend in 
the intercepts of the van 't Hoff plots showed that lJ.S increased for higher 
water content mobile phases indicating a decreased order of system when the 
solute in the stationary phase rather than the mobile phase and lJ.S increased 
with increasing water in the mobile phase due to long retention in more 
aqueous mobile phase. 
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Table 4.14 : Thermodynamic Comparison of data on hybrid columns ( from Tables 4.4 and 4.9) 
Thermodynamic parameters 
XTerra MS C18 XT erra phenyl 
AH' AS' TAS' AG' Correlation AH ' AS' TAS' AG' 
% (w:w) (kJ/mol) (J/Klmol) (kJ/mol) (kJ/mol) (r ' ) (kJ/mol) (J/K/mol) (kJ/mol) (kJ/mol) Solute MeOH :H,O 
10 : 90 -18.42 -46 .13 14.98 3.44 0.9998 -20.14 -52.06 16.82 3.32 
-aminoacetophenone 
5 : 95 -22.44 -52 .89 17.08 5.36 0.9947 -22 .92 -54.44 17.58 5.34 
10 : 90 -22.31 -53 .95 17.43 4.88 0.9997 -21.97 -55.52 17.93 4.04 
l4-hydroxyacetophenone 
5 : 95 -26.10 -60.08 19.4 1 6.69 0.9966 -24.59 -58.02 18.74 5.85 
10 : 90 -18.31 -31 .99 10.33 7.98 0.9987 -22.55 -46.99 15.18 7.37 
/lcetophenone 
5 : 95 -21.46 -36 .65 11 .84 9.62 0.9916 -23.53 -44 .62 14.41 9.12 
Correlation 
(r ' ) 
0.9991 
0.9954 
0.9995 
0.9964 
0.9982 
0.9972 
3 
o 
c. 
~ 
<I> 
-, 
() 
:T 
I» 
'0 
Table 4.15: Comparison of thermodynamic parameters for test compounds on XTerra MS C18 and XTerra phenyl columns S-
... 
.,. 
Thermodynamic parameters at 10% methanol 
XTerra MS C18 XTerra phenyl 
"H" "5' T"S' "G' Correlation "H' "5' T"S' "G' Correlation 
Solute (kJ/mol) (J /Klmol) (kJ/mol) (kJ/mol) (r ' ) (kJ/mol) (J /Klmol) (kJ/mol) (kJ/mol) (r ' ) C/I 
Cl> 
'0 
~-phenylethanol -16.10 -28.74 -9.28 -6.82 0.9944 -18.43 -39.31 -12.69 -5.50 0.9944 I» ... 
I» 
!:!: 
0 
~-cresol -18.15 -34.55 -11 .16 -6.99 0.9943 -20.31 -45.23 -14 .61 -5.70 0.9985 ::l ~ 
;::;: 
:T 
!nitrobenzene -16.77 -27.99 -9.04 -7.73 0.9962 -21 .88 -45.69 -14.76 -7.12 0.9988 0' 
~ 
'0 
~cetophenone -18 .31 -31.99 -10.33 -7 .98 0.9987 -23.21 -49.01 -15.83 -7 .38 0.9967 Cl> ... (") 
Cl> 
::l 
3-phenylpropanol -19 .21 -29.99 -9.69 -9.52 0.9962 -22.69 -44.92 -14.51 -8 .18 0.9975 !iT (Q 
Cl> 
0 
.... 
propiophenone -18.34 -22.43 -7.24 -10.97 0.981 4 -32 .17 -66.77 -21 .57 -10.60 0.9943 3 0 
Co ;; 
v.> ." 
... ) ... 
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4.3.4 Studies on GeminiTM C 18 column (Twin phase) 
A new type of C18 silica-based stationary phase, Gemini C18 column recently 
appeared on the market from Phenomenex. The makers report that the 
structure is based on a grafting a silica-organic mixture during the final stage 
of silica manufacturing to create a new composite particle between silica and 
polymer based material. This mixed particle between silica and hybrid 
provides a more consistent physical characteristic and the claimed 
advantages of the resulting phase are an improving stabil ity in extended pH 
and high column efficiency with high mechanical bonding strength compared 
to silica [111]. 
The aim of this study, was to evaluate the thermodynamic values of Gemini 
phase with the hybrid phase at low percentage of organic (10 % methanol) in 
the mobile phase and study the stability of this phase to high temperature. 
The same set of test compounds was examined as previously but unlike the 
Gemini-18 materials, p-hydroxyacetophenone gave a broad peak shape, 
which improved on adding drop of acid in the mobile phase. The reason might 
be partial ionisation on the Gemini column because the p-
hydroxacetophenone has a pKa 8.05. Gemini column gave good peak shapes 
with phenol homologue. We found this phenomenon with p-
hydroxybenzaldehyde which gave sharp peak in acidic mobile phase pH 3.1 
and broad with tailing in unbuffered mobile phase. However, 0-
hydroxyacetophenone, m-hydroxyacetophenone and p-hydroxyacetophenone 
gave as expected separation as on ODS column which 0-
hydroxyacetophenone retained longer p-hydroxyacetophenone separated on 
Gemini 18 with odd shape illustrates in Figure 4.40 although this compound 
gave good shapes on the other hybrid columns studied. 
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Figure 4.40: Separation of acetophenone mixture on Gemini 18 column 
Compounds: 1) p-aminoacetophenone, 2) p-hydroxyacetophenone, 3) 
acetophenone with 10 % methanol at 40 'C with flow rate 1 ml/min. 
4.3.4.1 Retention behaviour of phenol homologues on the Gemi ni 18 
column 
The separation of the homologous phenols was carried out using 10 % 
methanol and the temperature was increased gradually from 40 ·C in 
increments by 10 ·C to 145 ·C. The separation time of the phenols 
decreased from 322 min at 50·C to 16.3 min at 145 ·C for the last compound ; 
p-propylphenol (Figure 4.41 and Table 4.16). It appears that temperature 
decreased the retention factor (k) for phenols by about 1-3 % every 1 ·C. 
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Figure 4.41: Separation of phenols homologue with 10 % methanol on 
Gemini 18 column at high temperature. Compounds: 1) phenol, 2) p-
cresol, 3) p-ethylphenol, 4) p-propylphenol. Chromatographic conditions: 
injection volume10 IJI, mobile flow rate 1 ml/min. 
The efficiency of each peak on Gemini C18 was calculated based on the 
width at half height (Table 4.16) and changed markedly with temperature. In 
general , the efficiency of separated compound on Gemini column increased at 
increase temperature from 40 ·C to 80 · C, but after 80 ·C, it started too 
decrease until 145 ·C. 
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Table 4.16: Retention factors and peak efficiencies of Gemini separation 
at a high temperature 
Solutes 
Column 
temperature phenol p-cresol p-ethyl phenol p·propylphenol 
k= 6.63 k - 20.23 
40 'C Nlm = 45223 Nlm = 47658 - -
k= 5.29 k -1 5.58 k= 45.9 k- 150.78 
50 ' C Nlm = 76102 Nlm = 71108 Nlm = 59088 Nlm = 43366 
k - 4.49 k -12.79 k - 36.37 k= 113.94 
60 'C Nlm = 44130 Nlm = 42489 Nlm =38120 Nlm = 29592 
k= 3.985 k-11.24 k- 31.48 k - 96.10 
70 ' C Nlm =44629 Him =43357 Him =38350 Him =30132 
k = 3.32 k - 9.07 k- 24.16 k - 68.35 
80'C Him =64266 Him =60638 Him =51470 Him =38308 
90'C k= 2.713 k - 7.14 k - 18.46 k-51 .08 
Him =60521 Him =56146 Him =50858 Him =38836 
100'C k - 2.12 k - 5.47 k- 13.73 k - 36.39 
Him =56863 Him =56288 Him =50287 Him =39810 
k-1 .79 k - 4.43 k =10.67 k = 27.0 
110'C Him =53550 Nlm =53208 Him =49144 Him =39549 
k - 1.39 k = 3.31 k = 7.65 k = 18.51 
120'C Nlm =47726 Nlm =48165 Nlm =44831 Him =37104 
k = 1.07 k = 2.46 k = 5.46 k = 12.60 
130'C Him =42799 Nlm =43588 Nlm =41276 Him =34311 
k-0 .819 k - 1.82 k - 3.92 k - 8.69 
140'C Nlm =23794 Him =26606 Him =29713 Him =26474 
k - 0.75 k= 1.7 k- 3.6 k - 8.1 
14S' C Nlm =8963 Him =1191 Nlm =15475 Him =17118 
Where k. retention factor, Nlm. column effiCiency per metre 
The peak shape at low temperature study was poor with long solute retention , 
but at increase in temperature, the peak shape improved and analysis time 
decreased. The peak tailing reduces by high temperature effect (Figure 4.42). 
137 
Chapter 4 
co 
.., 
N 
I!!J 
" u c: 
.. 
of 
o 
! 
< 
A.ym(10 %) = 1.01 
/ 
Separation with low percentage of modifier 
A,ym(10 %) = 1 .12 
h/ 
o so 100 150 200 
Time (min) 
2SO 
- SO' C - 100'C - 140'C 
A,ym (10 %) = 1.35 
4/ 
~ 
300 350 400 
Figure 4.42: Separation of homologous phenols on Gemini 18 column 
over wide temperature range with mobile phase 10 % methanoll water to 
show changes in the asymmetry of the peak (condition of phenols 
separation as in Figure 4.41). 
4.3.4.2 Effect of temperature on column separation mechanism 
The plots of retention factors against temperature were linear over a narrow 
temperature range of 40 'C to 80 'C (see Table 4.16) and were used to 
calculate the enthalpies of the phenols. These were compared with the hybrid 
MS C18 column (Table 4.17). As expected, llH' becomes more negative as 
the alkyl chain increases [70, 248] . 
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Table 4.17: Comparison the enthalpies (tJ./-f) for alkyl phenols between 
XTerra MS C18 and Gemini C18 with mobile phase containing 10 % 
methanol at elevated temperature from 40 to 80 ·C. 
Hybrid phases phenol p-cresol 
XTerra MS C18 -13 .58 -16 .38 
Gemini C18 -16.14 -18 .92 
p-ethyl phenol 
-18.74 
-20.55 
p-propyl 
phenol 
-22.44 
-24 .07 
However, at elevated temperature, a quadratic plot of retention factor with 
reciproca l temperature was obtained for the Gemini column (Figure 4.45). 
The explanations of a non-classical van't Hoff relationship at high temperature 
has been attributed to a modification of the surface of the stationary phase by 
high temperature in the presence of solvent leading to a change in the phase 
ratio as suggested by [149 , 14] or to changes in the nature of the mobile 
phases at high temperature. High temperature changes in the hydrogen 
bonding structure in aqueous phase [8] , decrease the density and the 
dielectric constant of water [6] and shift in the polarity value of water at high 
temperature [162] . Thermodynamic retention mechanism change because of 
alterations in the mobile phase characterise. Significant disrupution of the 
hydrogen bond network in water by high temperature effects and the 
presence of hydrogen bonding organic modifier led to significant change in 
the retention mechanism from entropically driven to enthalpically driven result 
in change in thermodynamic values [332, 341]. In a previous study it was 
observed a linear van't Hoff plot with methanol due to effect of hydrogen-
bonding in methanol and not in acetonitrile [51]. Other stationary phase, such 
as Zirconia based stationary phase, have shown non-linear van 't Hoff 
relationships over a wide range of temperatures for benzene homologue with 
pure water and low percentage of organic in the mobile phase and for PLRP-
S column at low percentage of acetonitrile [14J. 
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Figure 4.43: Changes in retention factor with a wide temperature range 
from 40 to 140 °C for phenol homologues on Gemini column with 10 % 
methanol : 90 % water mobile phase. 
From nonlinear van 't Hoff plots in Figure 4.43, the parameters a, b, c were 
drived for Solver in Ecell and then used to get thermodynamic 
parameters 6C~ . 6 H O, I'. So and I'. GO as illustrated in Table 4.18. 
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Table 4.18 Thermodvnamic values for heat transfer on Gemini column of ohenols at different temoerature 
Fompounds ~:~~~~:::~amic Column Temperature 40'C 50'C 60'C 70'C 80'C 90'C 100' C 110' C 
lIH" (kJ/mol) -9.04 -12.35 -15.47 -18.40 -21 .17 -23.79 -26.30 -28.61 
Phenol 
liS' (J/Klmol) -13.39 -23.82 -33.33 -42.01 -49.97 -57 .28 -64 .01 -70.22 
lIG' (kJ/mol) -4 .34 -4.66 -4.37 -3.99 -3.53 -2.99 -2.38 -1.72 
lIC, (J/Klmol) -342.22 -321 .36 -302.40 -284 .90 -269.10 -254.40 -240.90 -228.60 
lIH' (kJ/mol) -10.82 ·14.55 -18.05 -21 .34 -25.45 -27 .39 ·30.17 -32.80 
p-Cresol 
liS' (J/Klmol) -9.82 -21 .53 -32.21 -41.96 -50 .90 -59.10 -66.66 -73.63 
lIG' (kJ/mol) -7 .75 -7 .59 -7.32 -6.95 -6.48 -5.93 -5.30 -4.60 
lIC, (J/Klmol) -384.25 -360.82 -339.48 -319 .97 -302.10 -285.69 -270.57 -256.63 
lIH' (kJ/mol) 
-
-13.62 -18.30 -22.71 -26 .87 -30 .80 -34.52 -38.04 
p-Ethyl 
phenol liS' (J/Klmol) 
-
-10.21 -24.49 -37.54 -49.49 -60.47 -70.58 -79.90 
lIG' (kJ/mol) 
-
-10.32 -10.15 -9.84 -9.39 -8.85 -8.19 -7.43 
lIC, (J/Klmol) -482 .70 -454 .16 -428.07 -404.16 -382.20 -361 .97 -343.32 
-
lIH' (kJ/mol) 
-
-16.17 -21 .33 -26.20 -30 .79 -35.12 -39.23 -43 .12 
p-Propyl 
phenol liS' (J/Klmol) -8.55 -24.30 
-
-38.70 -51 .89 -64.01 -75.16 -85.45 
lIG ' (kJ /mol) 
-
-13.40 -13.23 -12 .92 -12 .47 -11 .89 -11 .19 -10.39 
lIC, (J/Klmol) -532 .56 -501 .06 -472.26 -445.89 -421 .65 -399.35 -378.77 
-
Where Cp is heat capacily of syslem and lIG' free energy of solute transfer at 10 % methanol 90 % water. 
120'C 130' C 
-30.84 -32.90 
-75.96 -81 .28 
-0.99 -0 .20 
-217.08 -206.40 
-35.30 -37 .68 
-80.08 -86 .10 
-3.83 -3.00 
-243.73 -231 .79 
-41 .39 -44 .57 
-88.54 -96.53 
-6.59 -5.67 
-326.07 -310 .09 
-46.81 -50.32 
-94.97 -103.78 
-9.48 -8.49 
-359.74 -342.11 
140'C 
-34.97 
-87.02 
0.31 
-196.60 
-39.94 
-91 .60 
-2.10 
-220.70 
-47.60 
-103 .95 
-4 .67 
-295.26 
-53.65 
-111 .97 
-7.41 
-325.74 
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The thermodynamic parameters (lIe·p. M1", liS' and lIG' ) from Table 4.18 
were plotted against temperature (Figure 4.44 and Figure 4.45). All showed 
a good linearity with temperature except the free energy which gave a 
parabolic curve. This showed that lICp is not independent of temperature 
which results in the variation of M f and liS' with temperature. Both M f and 
liS' decreased with increasing temperature. In contrast, lIC' p and lIG' are 
increased on increasing temperature. The retention behaviour is entropicaly 
driven at increasing temperature due to hydrophobic effects. Entropy become 
more negative at increase temperature, this mean that the retention at low 
temperature is enthalpically favourable and become entropically favourable at 
high temperature. 
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Figure 4.44: Temperature dependence of t.C~ associated with the 
retention of phenols on Gemini column. 
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Figure 4.45: Temperature dependence of (a) 6. HO. (b) 6. So and (c) 
6. GO associated with the retention of phenols on Gemini 18 column. 
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The methylene selectivity was examined for propylphenol and ethyl phenol. In 
contrast to the curved retention plots, the methylene selectivity plot was linear 
(r more 0.99) (Figure 4.46) and decreased with increases temperature 
suggesting that the transfer enthalpy is constant with a value of -4.85 kJ/mol. 
• • • • 
y = 582.98x • 0.6014 
R' = 0.9915 
• • 
o ~~~~--~--~------~--~--~~ 
0.0024 0.0025 0.0026 0.0027 0.0028 0.0029 0.003 0.0031 0.0032 0.0033 
1fT (11"K) 
I>"ethylphenot x I>"propytphenol + rrelhylene selectivity 
Figure 4.46: Retention factor for p-ethyl phenol and p-propyl phenol and 
their difference which is methylene selectivity as a function of elevated 
temperature with 10 % MeOH by flow rate 1.00 mllmin on Gemini C18. 
Figure 4.47 shows the difference in methylene selectivity of Gemini phase 
compared to the hybrid XTerra MS C18 phase. 
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Figure 4.47: Variation of methylene selectivity between p-propyl phenol 
and p-ethylphenol versus column temperature for high carbon load (. ) in 
XTerra MS C18 and low carbon density (. ) in Gemini C18 column at 10 % 
MeOH. 
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As expected, there was a linear relationship between l1G' and number of 
carbon atoms in alkyl chain of solute (Figure 4.48) in agreement with Tchapla 
and co-workers [29]. 
_ 40 'C 
2 . . SO ·C 
O ~ 6O 'C 
-2 J • ! x 70 'C 
-4 
"0 ! • :o: 80' C ~ -6 - • . 90·C ~ ·8 ! " - + 1oo 'C <l -10 ~ -110 'C -12 
-14 
- 120 ·C 
-16 
_ 13O'C 
~ 
0 2 3 4 • 140' C 
NO of methylene group 
Figure 4.48: plots of free energy (bG') versus the number of methylene 
groups in phenols at elevated temperatures from 40 to 140 'C. 
As expected, hydrophobic selectivity in Gemini phase is similar to 
hydrophobicity in the reversed phase mode and the retention of the 
homologous series increases linearly with carbon number in the alkyl group 
(Figure 4.49) [37, 248, 342]. 
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Figure 4.49 : In k as function of number of CH2 groups for alkylphenol at 
different temperature (Chromatographic conditions are the same as in 
Figure 4.41 ). 
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The slope and intercept are plotted against the reciprocal absolute 
temperature to obtain the standard enthalpy and the standard entropy of 
interaction of the methylene groups and the rest of the molecule as in 
equation 13 and Figure 4.50. The enthalpy of the interaction of the methylene 
group was -3.85 kJ Imol and intercept was - 2.62 J/mol/K suggesting that 
interaction of methylene group with stationary phase is enthalpyically 
favourable. 
The paraboliC CUNe and intercept representing the contribution of the rest of 
the molecule reflects the difference in the change of retention at every 
temperature for parent group. 
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Figure 4.50: Graph of slope and intercept vs. 1/Tfor alkylphenol 
As mention before in Figure 4.46, the selectivity between p-propylphenol and 
p-ethylphenol was linear over the temperature range studied. This linear 
behaviour is also obseNed on ODS column with methanol-water [72) and with 
PLRP-S column with superheated water [172) . However, Grushka and co-
workers reported that the methylene selectivity on ODS column showed a 
quadratic relationship with ACN -water [72). The enthalpic llllH of methylene 
contribution on Gemini phase was -4.85 kJ/mol whereas entropic llllS 
contribution was 5.00 J/Klmol. Burgess [172) calculated methylene 
contribution to enthalpy MH as 9.17 kJ Imol and entropy contribution MS as 
- 12.7 J/Klmol. 
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4.3.4.3 Column stability 
After operating at 145 ' C, the efficiency of the column was reduced on cooling 
to 70 'c (Figure 4.51) which suggested that at sufficient high temperatures 
dissolution of the stationary phase had occurred. It appears from the high 
back-pressure in the system and the distorted peaks in the chromatogram that 
something drastic has occurred within the Gemini column. On opening the 
column, it was found that significant part of the packing material had 
disappeared approximately 2 cm. The mechanism of dissolution of silica was 
described in Section 2.1 .7.1. 
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Figure 4.51 : Chromatograms of phenol (1) and p-cresol (2) separation at 
70'C with 10 % MeOH before and after heating to 145 'C. 
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4.3.5 Microbore Gemini C18 phase 
There is particular interest in microbore columns for high temperature studies 
and their lower mass makes them easier to heat rapidly and they are said to 
give better equilibration . The low flow rate of (30-200~l/min) can save solvent 
(Table 4.19) and there is increased sensitivity because of less dilution of the 
sample [329]. 
Table 4.19: Differences between conventional and microbore Gemini 18 
colums at 70 'C with 10 % MeOH 
Gemini C18 1.0. to Flow rate Mobile phase 
column (mm) (m in) (ml/min) consumption 
conventional 4.6 2.02 1.0 1.0 
microbore 2.1 1.88 0.2 0.21 
The microbore Gemini column with 2.1 mm I. 0 with same length (15 cm) and 
particle diameter 5 ~m , was compared with the standard 4.6 mm I.D. column 
for the separation of phenol and p-cresol at 70 'C with 10 % MeOH at 
equivalent linear flow rates (Figure 4.52). The retention times were similar but 
the microbore column gave sharper peaks. 
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Figure 4.52: Chromatograms of separation phenol and p-cresol at 70 ·C 
on (A) 4.6 at 1 mll min and (8) 2.11.0. at 0.2 mllmin Gemini C18 columns. 
The effect of increasing the flow rates from 0.2 mllmin to 1 mllmin flow rates 
for the separation of phenol and p-cresol (Figure 4.53) on the microbore 
column was examined. The high flow rate gave a much reduced assay time 
(less than 7 min) with improved efficiency and reduced peak tailing. 
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Figure 4.S3: Illustration of high speed analysis with microbore Slim, 1S0 
cm Gemini C18 column 2 mm 1.0. For phenol and p-cresol separation at 
70·C for at 0.2 ml/min, p= 36 kg/cm2 and 1ml/min, p= 204 kg/cm2 
Figure 4.S4 shows the separation on the microbore column at 1 ml/min which 
is equivalent to 3.0 ml/min for conventional 4.6 mm i.d column. High 
temperatures were used to reduce the viscosity of mobile phase and back 
pressure. 
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Figure 4.54: Illustration effect of temperature at high linear velocity 
(1m/min) on retention of the microbore Gemini 18 column, Compounds: 
1) uracil, 2) phenol, 3) p-cresol, 4) p-ethylphenol, 5) p-propylphenol. 
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The high flow rate can be used to reduce the analysis time for long retained 
solute and overcome instability of Gemini 18 column to more 145 ·C. For 
example, the separation of the phenols at high temperature (130 'C) on the 
conventional Gemini 18 4.6 1.0. at 1m/min (Figure 4.55) will give a similar 
retention time to the 2.1 mm column at the same flow rate (but higher linear 
flow rate) at 90 ·C. 
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Figure 4.55: Illustration of perfonmance of Gemini 4.6 at high 
temperature (130 'C) with flow rate 1 mllmin and Gemini 2.1 1.0.( 90 'C) 
with high flow rate (1 mllmin). Analytes: 1) phenol, 2) p-cresol, 3) p-
ethylphenol, 4) p-propylphenol. 
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4. 4 Summary 
Polystyrene divinyl benzene column shows linear van't Hoff with different 
percentage of acetonitrile and nonlinear van't Hoff at low percentage of 
acetonitrile. The hybrid columns all shows linear van't Hoff at low percentage 
of methanol but when temperature exceeded non linear van't Hoff observed. 
Methylene selectivity on PS-OVB dereas~d by increasing temperature and 
increased by decreasing percentage of organic modifier in the mobile phase. 
Linear methylene selectivity suggested that constant the enthalpies and 
entropies transfer over temperature range. Hybrid phases were more 
hydrophobiC at decrease percentage of organic modifier in the mobile phase 
althought XTerra phenyl phase was more hydrophobiC than XTerra C18 due 
to effect of 7I'-7I'interaction with hydrophobic interaction. 
The high flow rate at high temperature can be used in microbore hybrid phase 
to reduce analysis time and save lifetime of column from degradation at high 
temperature. The odd results in the irreproducibility retention time at low 
percentage of methanol on phenyl phase occurred because of phase collapse 
in the stationary phase and not as a result from ineffective heating in air oven. 
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CHAPTER FIVE 
SEPARATIONS ON THERMOSTABLE COLUMNS 
USING PURE WATER 
5.1 Introduction 
As water rich eluents have been used successfully in previous chapters for 
hybrid phases, it was decided to examine hybrid phases with superheated 
water. The aim was to evaluate the stability and retention of XTerra phases 
and ethyl-bridge phenyl hybrid phases in highly aqueous phases at elevated 
temperature from hot water to superheated water. 
The same test mixture as in the previous chapter was used for comparison 
purposes. Phenols were subsequently added to the test solutes as their high 
polarity gives them low retention factors. Phenolic compounds, such as 
alkylphenols (APs) known as xenoestrogens because they are suspected to 
influence the hormonal system of aquatic organisms. Phenolic compounds 
represente a major class of contaminants released from industrial processes 
water treatment and agriculture pesticides [80, 189). 
5.2 XTerra MS C18 
5.2.1 Effect of temperature on retention and selectivity 
To characterize the stability and study the thermodynamic properties of the 
XTerra MS C18 column with high water temperature mobile phase was 
examined by increasing the temperatures from 60 'C in 10 'C increment 
(Table 5.1). At low temperatures, water has high polarty and hence has a 
weak eluotropic strength which resulted in long retention times. High 
temperature reduce the back pressure and eluent polarity thus reduce 
retentions will reduce on the stationary phase. 
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For each compound studied, there was a marked decrease in retention as the 
eluent temperature increased. For example, the analysis time of 
acetophenone decreased by 8-fold when temperature elevated from 60 'C to 
140 'C without loss in column efficiency. Figure 5.1 illustrates that at low 
water temperature, the retention was longer with good separation and 
resolution between p-aminoacetophenone and p-hydroxy acetophenone but 
at increased temperature, the retention time and resolution decreases. The 
resolution between p-aminoacetophenone and p-hydroxyacetophenone 
decreased from 3.4 at 60'C to 0.78 at 140 ·C. 
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Table S.1:Retention factors oftestcompounds and alkylphenol as a function oftemperature using 0 ::r 
pure water on XTerra MS C18 column III "Cl 
-CD .. 
Compounds Retention factor at different column temperature Cl! 
60'C 70'C 80'C 90 'C 100'C 110 'C 120'C 130'C 140'C 
-amlnoacetophenone 10.03 7.56 5.83 4.46 3.49 2.91 2.27 1.64 1.32 
-hydroxyacetophenone 14.10 10.24 7.63 5.64 4.28 3.46 2.62 1.84 1.46 
cetophenone 42.19 32.61 25.60 19.84 15.53 13.11 10.14 7.13 5.68 
5.64 4.75 3.86 3.06 2.48 1.98 1.61 1.34 1.16 
-cresol 17.05 14.85 12.10 9.21 7.19 5.50 4.29 3.46 2.94 
-ethylphenol 61.13 50.15 35.69 26.02 19.47 14.24 10.60 8.10 6.44 en 
CD 
"Cl 
propylphenol 203.16 139.91 114.78 83.51 55.42 38.71 28.82 20.64 15.97 III i. 
-phenylethanol 16.96 12.30 8.76 5.99 3.63 0 :::I 
2-cresol 17.21 10.03 6.94 4.45 2.91 ~ ::r 
"Cl 
nitrobenzene 25.96 15.62 10.99 7.09 4.64 
c 
a 
3-phenyl propanol 49.64 32.78 21.98 13.74 8.17 ~ ID 
.. 
..... 
VI proplophenone 109.73 0"1 64.39 43.67 24.74 13.98 
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Figure 5.1: Separation on XTerra MS C18 at elevated water temperature 
with flow rate 1 mllmln. Compounds: 1) uracil, 2) 4·aminoacetophenone, 
3) 4·hydroxyacetophenone, 4) acetophenone 
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By comparing the resolution and the selectivity on XTerra MS C18 at low 
percentages of acetonitrile and superheated water it was found that water at 
140 'C was more retentive than aqueous % of ACN on XTerra MS C18 for the 
acetophenone compounds and thus relative retention differed markedly as in 
Figure 5.2 . 
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Figure 5.2: Separation of acetophenones mixture by superheated water 
and 20 % acetonitrile on XTerra MS C18 column. Compounds: 1) uracil, 2) 
4-aminoacetophenone, 3) 4-hydroxyacetophenone, 4) acetophenone. 
The elution strengths of pure water and low percentages of methanol was 
compared by matching the retention time of acetophenone mixture using 
pure water and 10 % MeOH as well as 5 % MeOH at high temperature. 
Equivalent separations were obtained on XTerra MS C18 with 10 % methanol 
at 60'C as with 5 % methanol at 90'C and at 100'C with 0 % methanol (pure 
water) as illustrated in Figure 5.3. This indicates that retention can be 
controlled by either the amount of organic solvent in the mobile or by column 
temperature [330, 340). 
158 
20 
ChapterS 
E 
c 
o 
.., 
NI 
@ 
G) 
u 
C 
III 
-e 
o 
fI) 
.c 
<C 
". 
•• 
T. 
•• 
~ 
,. 
~ 
". 
-
T. 
50 
•• 
,. 
~ 
4" 
-... _ 
. -
--,
,-
-45 
~ 
0 
0 
0 
" 
• 
'--
• '0 
" 
• 
• '0 
A 
• '0 
Separation with pure water 
10% ___ ... I_t_O 
a 
,. 20 ~ ~ 
- -
e"J6, ......... nol a.""O 
A 
,. 20 •• ~ 
-
40 
100% __ r_t:100-C 
" 
1\ 
,. 20 •• ~ • • 
-
Time (min) 
Figure 5.3: Chromatograms of acetophenones separation on XTerra MS 
C18 at low percentage and pure water at high temperature. Compounds: 
1) 4·aminoacetophenone, 2) 4·hydroxyacetophenone, 3) acetophenone. 
The efficiency of XTerra MS C18 was computing by number of theoretical 
plates with temperature. The number of theoretical plates of the 
acetophenone peaks increased on increasing water temperature from 60 'C 
up to reach to 11 O'C, then it decreased by high temperatures (Table 5.2). The 
peak symmetry and peak tailing also changed (Figure 5.4). Generally the 
increased temperature up to 120 'C led to a decrease in peak tailing 
espacailly for last compounds (Figure 5.4). 
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Table 5.2: Dependence of column efficiency ( N/m) and peak width on temperature for acetophenone DI 
"2-
mixture separation on Xterra Ms C18 column using water as the eluent CD 
.. 
Cl! 
Efficiency ( N/m) peak width ( W1l2) 
Temperature 
(OC) p-amino p-hydroxy p-amino p-hydroxy ac 
acetophenone acetophenone acetophenone acetophenone acetophenone etophenone 
60 14342 13041 12790 1.23 1.77 5.11 
70 16198 14717 13311 0.88 1.22 3.83 
80 17159 15869 14320 0.67 0.88 2.85 
90 18550 17220 15413 0.50 0.63 2.10 
100 20325 18920 16282 0.37 0.46 1.56 en CD 
-0 
DI 
110 37868 31484 34572 0.36 0.45 1.36 ii1 C!: 
0 
~ 
120 34748 35626 36619 0.27 0.33 0.99 ~. 
-
':r 
130 33053 18865 18208 0.17 0.24 0.69 -0 c 
ca 
140 27757 16690 19439 0.16 0.21 0.53 ~ 
.. 
-
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Figure 5.4: Effect of elevated water temperature on peak symmetry. peak 
height and peak tailing of acetophenone mixtures on XTerra MS C18 
column with flow rate 1 ml/min. 
The comparison of the retention factor with temperature gave a non-linear 
van't Hoff plot (Figure 5.5). These were fitted to a quadratic equation to 
extract the thermodynamic parameters as done in chapter 4 (Table 5.3). The 
change in the slope with increasing temperature suggests a change in 
retention mechanism. Alternative they can be regarded as two linear plots 
(see later). 
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Figure 5.5: Changes in retention factor with water temperature range 
from 60 to 140°C for acetophenone mixtures on XTerra MS C1s column. 
Similar non linear van't Hoff plots were found for the other test solutes as 
shown in Figure 5.6. 
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Figure 5.6: Retention factors for test compounds on XTerra MS18 
column with pure water at flow rate 1 ml/min. 
Alternatively instead of a continual change as in Figure 5.5 the retention data 
can be considered as two linear regions (Figure 5.7) from 60 to 100 ·C and 
from 100-140 ·C. The thermodynamic values can be calculated for each 
region and the transition temperature or deviation temperature can be 
measured. 
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Figure 5.7 : Retention factor for aminoacetophenone and acetophenone 
on XTerra MS C18 column (chromatographic retention as in Figure 5.1). 
The thermodynamic quantities associated with chromatographic process were 
extracted from temperature dependence of retention (see section 3.1.5.2) to 
report (Table 5.3). The thermodynamic parameters (t.C"p. t.H", f::,S" and f::,GO) 
from Table 5.3 were plotted against temperature (Figures 5.8 and Figure 
5.9). All showed a good linearity with temperature except the free energy 
which gave a parabolic curve. This showed that t.Cp is not independent of 
temperature which results in the variation of t.H· and f::,S' with temperature. 
Both t.H" and f::,S" values decreaed with increasing temperature. In contrast, 
f::,C'pand t.G" are increased by increasing water temperature. The increase in 
entropy become considerable at high water temperature and is greater than 
enthalpy which indicates that the retention mechanism is entropically driven at 
high water temperature. The changes in the water properties of by elevating 
temperature contributed to increases in the entropy values [7] . 
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Table 5.3 :Temperature dependence of thermodynamic quantities associated with retention of acetophenones on 
XTerra MS C18 column by fitting equation to experimental data 
~ompounds Column Temperature 
Thermodynamic 
properties 60 ·C 70 ·C 80 ·C 90 ·C 100 ·C 11 0 ·C 120 ·C 130 ·C 140 ·C 
~-aminoacetophenone LlH· (kJ/mol) -23.0B -24.70 -26 .22 -27 .67 -29.03 -30.33 -31 .56 -32.73 -33.B4 
LIS· (J/Klmol) -50.29 -55.0B -59.47 -63 .51 -67.22 -70.65 -73.B2 -76.75 -79.4B 
LlG· (kJ/mol) -6.33 -5.BO -5.23 -4 .62 -3.96 -3.27 -2.55 -1.BO -1 .01 
LlCp· (J/Klmol) -166.87 -157.28 -14B.50 -140.43 -133.00 -126.14 -119.81 -113.94 -108.48 
~-hydroxyacetophenone LlH" (kJ/mol) -26.83 -28.39 -29.87 -31 .27 -32.59 -33.B4 -35.03 -36.16 -37 .24 
LIS· (J/Klmol) -58.67 -63.30 -67.55 -71.45 -75.04 -78.35 -81.42 -84.26 -86.89 
LlG· (kJ/mol) -7 .29 -6.68 -6.03 -5 .33 -4.60 -3.B3 -3.03 -2.20 -1 .35 
LlCp· (J/Klmol) -1 61 .37 -152.09 -143.60 -135.80 -128.62 -121 .98 -115.85 -110.18 -104.90 
acetophenone LlH" (kJ/mol) -19.99 -22.42 -24.72 -26 .88 -28.93 -30.87 -32.72 -34.47 -36.14 
LIS· (J/Klmol) -29.10 -36.29 -42 .87 -48 .93 -54 .50 -59.64 -64.39 -68.80 -72.89 
LlG· (kJ/mol) -12.05 -12.52 -13 .01 -13.53 -14.05 -14.59 -15.14 -15.69 -16.24 
LlCp· (J/Klmol) -250.35 -235.97 -222.79 -210.68 -199.54 -189.25 -179.74 -170.90 -162.75 
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Coym and Dorsey [149J found that an increase in the enthalpy for benzene 
derivatives in pure water from 15-55·C and from 125-175 ·C. They observed 
change in the retention data at different temperature regions. At lower 
temperatures, where the mobile phase is hydrogen bonded, the entropy is 
favourable upon retention due to hydrophobic effect. However, at high 
temperature, the entropy dominated the retention mechanism rather than 
enthalpy because of extent in the hydrogen bonding or water without 
hydrogen bonds. This phenomenon has been observed by Cole et al. when 
they studied thermodynamic differences between hydrogen bonded and non-
hydrogen bonded mobile phases [39J. They observed a change in enthalpy 
with temperature is more favourable enthalpy (more negative) at higher 
temperature and at temperature decreased; the favourable entropy 
contribution is increased, resulting in greater retention on the stationary phase. 
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Figure 5.8: Temperature dependence of derived values of de: for 
acetphenone mixture on XTerra MS C18 column with pure water over the 
temperature range from 60 to 140 ·C . 
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The phase ratio of the column is believed to decrease very slightly with 
increasing column temperature and can be confirmed by a change in retention 
of two probes whereas the methylene selectivity between two probes should 
remain constant [103] . 
The methylene selectivity was examined using propiophenone and 
acetophenone. In contrast to the curved retention plots of the individual 
solutes, the methylene selectivity plot was linear (~ more than 0.99) (Figure 
5.10) and decreased with increases temperature suggesting that the transfer 
enthalpy (Mlff) was constant with a value of -4.01 kJ/mol and with entropy 
(1'.1'.SO) value of- 2.09 J/Klmol. 
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Figure 5.10: Retention factors of propiophenone and acetophenone and 
the methylene selectivity on XTerra MS C18 stationary phase using pure 
water at elevated temperature with flow rate 1.00 ml/min. 
Similar experiment was performed using aromatic alcohols, 2-phenylethanol 
and 3-phenylpropanol and found that the methylene selectivity plot was also 
linear. The enthalpy of methylene selectivity (1'.1'.HO) was -3.7 kJ/mol and with 
entropy (1'.1'.SO) value of -2.34 J/Klmol. 
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Figure 5_11: Retention factors of 3-phenylpropanol and 2-phenylethanol 
and their methylene selectivity on XTerra MS C18 stationary phase by 
using pure water at high temperature with flow rate 1.00 mllmin_ 
As for the alkyl phenol, the methylene selectivity plot between p-propylphenol 
and p-ethylphenol was linear (Figure 5.12). The enthalpy of methylene 
selectivity (I::.I::.H' ) was -4.43 kJ/mol and with entropy (I::.I::.S' ) value of 
methylene selectivity was -2.54 J/Klmol 
:::::: : : 
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Figure 5.12: Retention factors for alkylphenol and their methylene 
selectivity between p-propylphenol and p-ethylphenol on XTerra MS C18 
phase at high water temperature with flow rate 1.00 mllmin. 
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A number of researchers have previously examined nonlinear behaviour and 
found a break point. For example, Schunk and Burke [266] reviewed the 
conformation of stationary phase at decreasing percentage of organic and 
increasing temperature and found that deviation temperatures decreased with 
increasing temperature. 
Morel and Serpinet [55] found that the phase transition depends on the mobile 
phase composition where decreasing the methanol from pure methanol to 
methanol Iwater led to change retention curve (log k vs. 1fT) to roughly 
horizontal line and transition temperature shift from 46 to 53-54 ·C. However, 
the change of mobile phase to pure water does not result in a dramatic 
change and the transition temperature remains at 53-54 ·C. They also found 
that the phase transition observed in gas and liquid chromatography. 
Non-l inear van 't Hoff relationship recently observed on an ethyl bridged hybrid 
C 18 column at increase temperature from 30 ·C to 200 ·C with 30 % 
acetonitrile mobile phase due to phase transition [248] . In this work, the 
author demonstrated the conformation change between 85-100·C (-97 ·C) in 
the stationary phase by differential scanning calorimetry. Sentell and 
Henderson [35] found that a change in conformation of a high bonding density 
reversed phase as a function of temperature and suggested that it was the 
result from transition of the bonded phases from liquid state to a more 
crystalline state. 
5.2.2 Stability of XTerra MS C18 column 
After 96 hours at 140 ·C something drastic occurred within the column and the 
efficiency dropped markedly and on examining the column it was found that a 
5 mm void was present (Figure 5.13). 
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Figure 5.13: Impact of column inlet void on chromatography of phenols 
separation Condition : XTerra Ms C18, 511m at 140 ·C superheated water 
with 1 mllmin. Peak identification: 1) uracil, 2) phenol, J) p-cresol, 4) p-
ethyl phenol. 
5.3 XTerra phenyl 
To investigate in the stability and properties of a bonded phenyl hybrid column 
in a highly aqueous phase, an XTerra phenyl column was examined at 
temperatures 60 ·C to 120 ' C (Table 5.4). For each compound studied, there 
was a marked reduction in analysis time as the water temperature increased 
without loss of efficiency (Figure 5.14). 
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Figure 5.14: Separation on XTerra phenyl column at elevated water 
temperature with flow rate 1 ml/min. Compounds: 1) uracil, 2) 4-
aminoacetophenone, 3) 4-hydroxyacetophenone, 4) acetophenone. 
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Table 5.4: Retention factors for test compounds on XTerra phenyl 
column 
Compounds Retention factor ( k) at different column temperature 
60 'C 70 'C 80 'C 90 'C 100'C 110 'C 120'C 
4-aminoacetophenone 7.61 5.87 4.44 3.36 2.37 1.72 1.31 
4-hydroxyacetophenone 8.50 6.49 4.90 3.59 2.77 1.97 1.45 
acetophenone 33.78 25.28 18.36 13.33 10.07 7.32 5.21 
2-phenylethanol 13.03 10.23 8.17 6.68 5.45 4.03 3.24 
2-cresol 10.43 9.45 7.17 6.01 4.41 3.31 2.66 
Typical chromatograms in Figure 5.13 for the separation of acetophenone 
mixture demonstrate the effect of elevated temperature in the retention and 
selectivity. Different selectivity obtained on XTerra phenyl for the separation of 
acetophenone compounds 
aminoacetophenone and 
with pure water. The resolution between 4-
4-hydroxyacetophenone also decreases by 
elevating temperature. Increasing water temperature caused a decrease in 
the peak tail ing of all the acetophenone peaks (Figure 5.15). 
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Figure 5.15: Effect of elevated water temperature on peak tailing of 
acetophenone mixtures on XTerra phenyl column with flow rate 1 mllmin. 
The influence of temperature on column separation mechanism can be 
evaluated from van't Hoff plots, which like the MS 18 column plots were non-
linear (Figure 5.16). These were used, as previously, to calculate the 
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thermodynamic parameters (Table 5.4) which were plotted against 
temperature (Figure 5.17 and Figure 5.18). 
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Figure 5.17: Temperature dependence of derived values of b.C; from the 
curve fitting of the retention factors of acetophenone compounds on 
XTerra phenyl column in pure water over the temperature range. 
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Table 5.4:Temperature dependence of thermodynamic quantities associated with retention of 
acetophenones on XTerra phenyl column by fitting equation to experimental data 
Column Temperature 
Compounds Thermodynamic 
properties 60 ' C 70 ' C 80 'C 90 'C 100 'C 110 'C 120 'C 
~-aminoacetophenone LlH" (kJ/mol) -23.52 -26.86 -30.01 -32.99 -35.81 -38.48 -41 .01 
LIS' (J/Klmol) -53.66 -63.54 -72.59 -80.92 -88.57 -95.64 -102.17 
LlG' (kJ/mol) -5.65 -5.06 -4.39 -3.62 -2.77 -1 .85 -0.86 
LlCp' (J/Klmol) -343.98 -324.22 -306.11 -289.48 -274 .16 -260.04 -246.97 
~.hydroxyacetophenone LlH" (kJ/mol) 
-22.99 -26.27 -29.36 -32.28 -35.04 -37 .66 -40.15 
LIS' (J/Klmol) -52.24 -61 .88 -70.71 -78.82 -86.29 -93.18 -99.54 
LlG' (kJ/mol) -5.59 -5.05 -4.40 -3.67 -2.86 1.97 1.02 
LlCp' (J /Klmol) -335.49 -316.21 -298 .54 -282.32 -267.39 -253.61 -240.86 
~cetophenone LlH" (kJ/mol) -26.51 -29 .21 -31 .75 -34.16 -36.43 -38.59 -40 .64 
LIS' (J/Klmol) -50.28 -58 .27 -65.59 -72.31 -78.49 -84.20 -89.48 
LlG' (kJ/mol) -9 .76 -9.22 -8.59 -7 .91 -7.16 -6.34 -5.47 
LlCp' (J/Klmol) -277 .97 -262.00 -247 .37 -233.93 -221 .55 -210.13 -199.57 
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Figure 5.18: Thermodynamic data (a) HO. (b) So and (c) ~ GO from the 
curve fitting of the retention factors of acetophenone compounds on 
XTerra phenyl column in pure water. 
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The two linear plots of retention factor gave different values of enthalpy and 
entropy. Both enthalpy and entropy (absolute value) increased with 
temperature demonstrated that the retention mechanism in this separation is 
entropically driven and enthalpically unfavorable. Alternatively the data can be 
fitted to two linear relationships and a transition temperatures can be 
determined (Figure 5.19). 
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R'= 0.0097 
85.8 ·C ~".,::::::;::::;;;-.. 
y = 4214.3x · 10.443 
R' =0.9976 
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Figure 5.19: Retention factors of aminoacetophenone and acetophenone 
as a function of temperature in pure water on XTerra phenyl column 
The other test compounds also showed a nonlinear van 't Hoff behaviour on 
XTerra phenyl (Figure 5.20) in the presence of pure water as mobile phase. 
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Figure 5.20: Nonlinear van't Hoft for test compounds with pure water. 
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Non-linear van't Hoff relationships can be attributed to changes in phase ratio 
of column by temperature which independent in the methylene selectivity. 
This observed in the calculated retention for acetophenone and 
propiophenone (Figure 5.21) it showed a high linear correlation with squared 
correlation (rZ) more than 0.99 for methylene selectivity. A similar linear 
relationship was found for 2-phenylethanol and 3-phenyl propanol (Figure 
5.22) suggesting the phase ratio is the cause of the non-linearity of retention 
factors. The enthalpy of the methylene selectivity (1lIlH") between 
acetophenone and propiophenone was - 5.8 kJ/mol and the entropy (1lIlS") 
value was - 7.35 J/Klmol. 
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Figure 5.21: Retention factors of propiophenone and acetophenone and 
their difference which is methylene selectivity on XTerra phenyl 
stationary phase by using pure water at elevated temperature with flow 
rate 1.00 ml/min. 
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The methylene selectivity between 2-phenylethanol and 3-phenylpropanol the 
values was (1lI1H' ) -6.92 kJ/mol and entropy (11I1S' ) -12.1 J/Klmol. 
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Figure 5.22: Retention factors of 3-phenylpropanol and 2-phenylethanol 
and their difference which is methylene selectivity as a function of water 
temperature on XTerra phenyl column at flow rate 1.00 ml/min. 
5.3.1 Separation of phenol homologues by pure water 
The alkylphenols were separated on the XTerra phenyl column at 
temperatures up to 200 'C (Figure 5.23 and Table 5.5). Previous work had 
suggested that the XTerra phenyl column is thermally more stable than 
XTerra MS C18 column. 
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Table 5.5: Retention factors and peak efficiencies for alkyl phenols on 
XTerra phenyl column as a funct ion of temperature with pure water. 
Retention factor and efficiency at d ifferent temperature 
p-
Temperature phenol p-cresol p -ethylphenol pro pyl phenol 
IF 5.53 IF 18.99 
60 ·C Nlm= 23675 Nlm= 28761 -
-
IF 4.46 IF 14.51 
70 -C Nlm= 25870 Nlm= 29904 - -
IF 3.55 IF 18.95 
80 ·C Nlm= 28639 Nlm= 30018 
-
-
IF 2.82 IF 7.91 IF 22.24 IF 70.69 
90 ·C Nlm= 31 160 Nlm= 31287 Nlm= 22647 Nlm= 25660 
IF 2.38 IF 6.39 IF1 7.10 IF 50.87 
100 'C Nlm= 28053 Nlm= 35593 Nlm= 27933 Nlm= 31913 
IF 1.92 IF 4.91 IF 12.42 IF 34.29 
110 'C Nlm= 24307 Nlm= 37807 Nlm= 33153 Nlm= 35560 
IF 1.54 IF 3.77 IF 9.12 IF 23.9 
120 'C Nlm= 29196 Nlm= 27833 Nlm= 23575 Nlm= 30082 
IF 1.52 IF 2.94 IF 6.72 IF 16.37 
130 'C Nlm= 27238 Nlm= 22052 Nlm= 26120 Nlm= 33907 
IF 1.02 IF 2.26 IF 4.93 IF 11.34 
140 'C Nlm= 26474 Nlm= 17649 Nlm= 25696 Nlm= 37086 
IF 0.83 IF 1.77 IF 3.68 IF 7.98 
150 'C Nlm= 237 10 Nlm= 14524 Nlm= 20235 Nlm= 381 36 
IF 0.67 IF 1.42 IF 2.83 IF 5.88 
160 'C Nlm= 20280 Nlm= 12199 Nlm= 22652 Nlm= 38301 
IFO.54 IF 1.06 IF 2.05 IF 3.99 
170 'C Nlm= 15433 Nlm= 19551 Nlm= 24415 Nlm= 27681 
IF 0.43 IF 0.81 IF 1.50 IF 2.84 
180 'C Nlm= 13438 Nlm= 17070 Nlm= 23197 Nlm= 29445 
IF 0.34 IF 0.62 IF 1.13 IF 2.07 
190 'C Nlm= 11117 Nlm= 13971 Nlm= 19957 Nlm= 28655 
k= 0.31 k- 0.50 k= 1.00 IF 1.63 
200 'C Nlm= 10683 Nlm= 12500 Nlm= 15515 Nlm= 25233 
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Figure 5.23: Chromatograms of separation of alkylphenol by 
superheated water on XTerra phenyl column. Solutes: 1) uracil; 2) 
phenol; 3) p-cresol; 4) p-ethylphenol; 5) p-propylphenol. 
Plotting the data in Table 5.6 gave a non-linear curves relationship between In 
k and 1/T (Figure 5.24) which were used to calculate the thermodynamic 
parameters (Table 5.6). 
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Figure 5.24: Retention factors for alkylphenols as a function of water 
temperature range from 60 to 200 'C on XTerra phenyl 
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The thermodynamic parameters (l>C'P. l>H' , l>S' and l>G' ) from Table 5.6 
were plotted against temperature (Figure 5.25 and Figure 5.26). All showed a 
good linearity with temperature except the free energy which gave a parabolic 
curve at elevated temperature. Both l>H' and l>S' decreased with increasing 
temperature and l>G' increased. 
Figure 5.25 illustrates that the lIC 'p values for phenol homologue are all 
negative and decrease in magnitude with increasing temperature. The heat 
capacity of phenol and p-cresol are close to each other and there is no 
significant difference between heat capacity for phenol homologues. 
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Figure 5.25: Temperature dependence of heat capacity change 
associated with temperature with retention of selected compounds on 
XTerra phenyl column. 
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~H ' 
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liS' 
J/Klmol) 
lIG' 
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Table 5.6a :Thermodynamic values for alkylphenol on XTerra phenyl column at different temperature 
Thermodynamic properties at different column temperature 
60 'c 70 'c 80 'C 90 'C 100 'c 110 'c 120 'c 130 'c 140 'c 150 'c 160 'c 170 ' C 180 'C 
-17 .34 -19.32 -21 .20 -22.97 -24.65 -26.24 -27 .75 -29.18 ·30.55 -31 .85 -33 .09 -34.27 -35.40 
-38.08 -43.96 -49.35 -54.30 -58.86 -63.07 -66.95 -70.56 -73.90 -77.01 -79.91 -82.61 -85 .13 
-4.66 -4 .25 -3.78 -3.26 -2.69 -2.09 -1.44 -0.75 ·0.03 ·0.73 -1 .51 -2 .33 -3.16 
-204 .70 -192.90 -182.20 -172.30 -163.20 -1 54.80 -1 46.90 -139.80 -133.10 -126.90 -121 .10 -115.70 -110.60 
-23.48 -25.49 -27 .38 -29.17 -30.87 ·32.47 -33 .99 -35.44 -36.82 -38.13 -39.39 -40.58 -41.72 
-46.24 -52.18 -57.62 -62.62 -67.22 -71.47 -75 .39 -79 .04 -82.41 -85.88 -88.48 -91 .21 -93.77 
-8.09 -7.59 -7.04 -6.44 -5.79 -5.10 -4.36 -3.59 -2.78 -1 .94 -1 .07 -0 .17 0.75 
-206.90 -194.90 -184.00 -174.00 -164.80 -1 56.30 -148.50 -141 .20 -134.40 -128.20 -122.30 -116.80 -111 .70 
190 'c 200 'C 
-36.48 -37 .52 
-87 .50 -89.71 
-4.03 -4 .91 
-105 .90 -101 .50 
-42.82 -43 .86 
-96.15 -98 .38 
1.70 2.67 
-1 06.90 -102.50 
co 
w 
Table 5.6b:Thermodynamlc values for alkylphenol on XTerra phenyl column at different temperature 
Thermodynamic properties at different column temperature 
~ (' C) 90 'C 100 ' C 110 'C 120 'C 130 'C 140 'C 150 'C 160 ' C 170 ' C 180 'C 190 'C 200 'C 
p-ethylphenol 
ilIH' (kJ/mol) ,34.23 -35.98 -37.62 -39 .19 -40.68 -42.10 -43.45 -44.74 -45.97 -47.14 -48.27 -49.35 
ills' (J/Klmol) -68.25 -72.99 -77 .36 -81.40 -85.14 -88.61 -91 .85 -94.85 -97.66 -100.29 -102.74 -105.04 
ilIG ' (kJ/mol) -9 .46 -8.75 -7.99 -7 .20 -6.37 -5.50 -4.60 -3 .67 -2.70 -1 .71 -0.70 0.34 
ilIcp' (J/Klmol) -179.02 -169 .50 -160.80 -152 .70 -145.20 -138.30 -131 .80 -125.80 -120.20 -114.90 -110.00 -105 .40 
p-propylphenol 
~H ' (kJ/mol) -41 .69 -43 .61 -45.41 -47 .14 -48 .76 -50 .32 -51.80 -53.22 -54 .56 -55.85 -57.09 -58.27 
ills' (J/Klmol) -79.22 -84.41 -89 .20 -93.63 -97 .73 -101 .54 -105.08 -108.38 -111 .47 -114.34 -117.03 -119.55 
ilIG' (kJ/mol) -12 .94 -12.12 -11 .25 -10.34 -9.38 -8.39 -7.35 -6.29 -5.19 -4 .06 -2.90 -1 .72 
IICp' (JlKlmol) -196.26 -185.88 -176.30 -159.24 -159.24 -151 .62 -144.53 -137.94 -131 .78 -126.02 -120.64 -115.59 
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Figure 5_26: Temperature dependence of thermodynamic values of (a) 
'" HO ,(b) '" So , and (c) '" GO of phenols on XTerra phenyl column in pure 
water over the temperature range from 60 to 200 °C. 
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As shown in Figure 5.27, the transition temperature between the linear 
reg ions increased with molecular size. 
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Figure 5.27: Chromatographic retention for phenol and p·cresolas 
a function of pure water temperature on XTerra phenyl co lumn. 
If only the high temperature regions from 120 ·C to 200 ·C were considered , 
the van 't Hoft relationship showed a strong linear correlation (Figure 5.28) 
and the corresponding thermodynamic parameters could be determined 
(Table 5.7). 
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Figure 5.28: van 't Hoft plot for alkyl phenols on XTerra phenyl column 
with superheated water from 120 to 200 °C. 
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Table 5.7: Thennodynamic data for alkyl phenol with superheated water 
from 120 - 200·C 
t.H dS' Correlation 
alkyl phenol (kJ/mol) (kJ/mol) coefficient (r') 
phenol -33.17 -0.08 0.9963 
p-(;resol -39.61 -0.09 0.9966 
p-ethylphenol -44.56 -0.095 0.9975 
p-propylphenol -52.98 -0.11 0.9992 
As the other homologous analytes the methylene selectivity of the 
alkylphenols decreased linearly with increasing temperature (Figure 5.29). 
The enthalpy of the solute transfer for increament methylene group was -7.53 
kJ/mol while methylene selectivity entropy was -11.30 J/Klmol. 
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Figure 5.29: Methylene selectivity between p-propylphenol and p-
ethyl phenol as a function of water temperature. 
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5.3.2: Comparison of elution strength and efficiency on XTerra phenyl 
in water and alternative mobile phases at high temperature 
By comparing the retentions at low percentages of methanol and with pure 
water, it was found that the separation on XTerra MS C18 with 10 % methanol 
at 50 ·C was equivalent to 5 % methanol at 80 ·C and pure water at 90 ·C 
(Figure 5.30). This indicated that the retention can be controlled by either the 
amount of organic solvent in the mobile phase or by column temperature. 
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Figure 5.30: Equivalent separation of water rich and pure water on 
XTerra phenyl column, Condition: flow rate 1ml/min, compounds: 
1)uracil, 2) 4-aminoacetophenone, 3) 4-hydroxyacetophenoe, 
4) acetophenone. 
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Equivalent retentions were also obtained on the XTerra MS C18 at 110 DC 
and XTerra phenyl at 100 DC pure water (Figure 5.31) but the resolution 
between 4-aminoacetophenone and 4-hydroxyacetophenone was better on 
the XTerra MS C18 column. which generally gave better resolution and better 
separation. 
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Figure 5.31: Comparison of the retention on XTerra phases with pure 
water at different temperature. Conditions: XTerra MS C18 at 110 °c and 
XTerra phenyl at 100 °c. Compounds: 1) uraCil, 2) p-aminoacetophenone, 
3) p-hydroxyacetophenone, 4) acetophenone with flow rate: 1 ml/min. 
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A comparison of a wider range of analytes (Figure 5.32) confirmed that the 
order of separation and relative retentions were very similar on both columns. 
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Figure 5.32: Comparison retention with superheated water on hybrid 
XTerra phases. Compounds: 1) p-aminoacetophenone, 2) p-
hydroxyacetophenone, 3) o-cresol, 4) 2-phenylethanol, 5) nitrobenzene, 
6)acetophenone, 7) propiophenone with flow rate 1 ml/min. 
After the XTerra phenyl column had been used for some days at 200 ·C the 
separation of phenols homologue was poor when the column was raised to 
210 ·C (Figure 5.33) suggesting that the column had seriously degraded and 
that 200 • C was probably above the desirable maximum temperature for this 
phase. 
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Figure 5.33: Impact of high water temperature at 210 'C superheated 
water with flow rate 1 ml/min for phenols homologue separation on 
XTerra phenyl. 
5.4 XBridge phenyl column (BEH Technology TM) 
5.4.1 Effect oftemperature 
It had been suggested that the newer XBridge phenyl columns should be 
more thermally stable than X-Terra phases, so the retentions, efficiencies and 
peak widths of the phenylalkanols (Table 5.8) and alkylphenols (Table 5.9) 
test compounds were examined from 130·C up to 200 ·C. The alkyl phenol 
peaks shapes were good (Figure 5.34). 
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Table 5.8: Dependence of column retention factor ( k). efficiency (N). 
and peak width on water temperature for aromatic alcohols on XBridge 
phenyl column. 
Retent:o~ factor Efficiency Peak width 
Temperature . (Nlm) W,12 
2-phenyl 3-phenyl 2·phenyl 3-phenyl 2-phenyl 3-phenyl 
·C ethanol propanol ethanol propanol ethanol propanol 
130 4.46 9.17 43813 36160 0.33 0.68 
140 3.89 7.79 38120 42026 0.28 0.48 
150 3.07 5.91 35846 46600 0.23 0.34 
160 2.44 4.53 29866 40880 0.21 0.29 
170 1.98 3.55 19633 31513 0.21 0.25 
180 1.53 2.67 16453 27186 0.20 0.22 
190 1.31 2.20 14040 23140 0.19 0.20 
200 1.1 
-
13333 
-
0.17 
-
191 
----
, 
Table 5.9: Dependance of column retention factor (k), efficiency (N/m), and peak width on water temperature for alkylphenol on 0 :::r 
XBrldge phenyl column III 
"Cl 
ID 
... 
Retention factor (k) Efficiency (N/m) Peak width (W,I2) Cl! 
Temperature 
( ·C) p-ethyl p-propyl c p-ethyl p-propyl c p-ethyl p-propyl phenol p-cresol phenol phenol phenol p- resol phenol phenol phenol p- resol phenol phenol 
130 1.68 3.94 9.02 21.1 25900 45740 54637 43827 0.19 0.26 0.48 1.20 
140 1.39 3.16 6.95 15.51 20760 38617 52197 48787 0.18 0.23 0.39 0.94 
150 1.16 2.54 5.37 11.48 16827 31950 48970 48640 0.18 0.21 0.30 0.92 
160 0.97 2.04 4.17 8.53 13923 26600 43717 48157 0.17 0.20 0.26 0.45 
en 
170 0.80 1.64 3.21 6.29 11046 20507 34037 45456 0.17 0.19 0.25 0.35 Cl) 
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Figure 5.34: Separation of alkyl phenol at 200 'C superheated water on 
XBridge phenyl column, flow rate at 1 ml/min, peak identification:1) 
uracil, 2) phenol 3) p-cresol 4) p-ethylphenol 5) p- propylphenol. 
The relatively higher efficiencies of the alkyl phenols on X Bridge phenyl 
column comparing the XTerra phenyl column (Table 5.5) was ascribed to the 
different bonding for the phenyl groups. XTerra phenyl has a short- chain 
phenyl ligand with bifunctional bonding and low carbon load (12%), compared 
to X Bridge phenyl column with trifunctional bonding and high carbon load (14 
%). Previously the mass transfer of solutes has been shown to be slower in 
high carbon load stationary phase [222). Increasing temperature decreased 
the resolution between phenol and p-cresol compounds (Figure 5.35) from 
10.7 at 130 'C to 2.1 at 200 ·C. The resolution for last compounds, p-
ethylphenol and p-propylphenol also decrease from 15.36 to 6.2 in the same 
range of temperature. Figure 5.35 shows improvement in peak shape by 
elevated temperature which is more than change in the selectivity by 
temperature. The efficiency of separation increased as the peak width 
decreased by elevating temperature [46). 
193 
Chapter 5 Separation using pure water 
:::l 
« 
2 
4 
3 
5 
E I---1UUU~J'-;-__ 
~ 
u 
c 
~ 
5 
'" .c 
« 
o 
5 
2 
10 
Rs IUI-2-1 
200 ·C 
W112: 0.35 
170'C 
4 
20 30 
TIme (min) 
5 W 1l2: 1.2 130 'C 
40 50 60 
Figure 5.35: Separation of homologous phenols on X Bridge phenyl 
column over wide temperature range of superheated water to show 
effect of temperature (condition of phenols separation as in the Figure 
5.34). 
The peak tailing for alkyl phenol was not changed significantly by elevated 
temperature (Figure 5.36). This is probably due to efficiency decreased by 
increase temperature (Table 5.8). 
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Figure 5.36: Effect of temperature on peak tailing of alkyl phenol on 
XBridge phenyl under superheated water chromatography. 
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It was found that increasing the temperature unexpectedly decreased the 
efficiency especially for the later eluting compounds (Figure 5.37). It 
appeared that although mass transfer dominated the separation process at 
low temperatures as the temperature was raised the longitudinal diffusion 
caused peaks broadening because the diffusion rate increased and this made 
a more marked effect on the later eluted analytes, which resided longer in the 
column. 
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Figure 5.37: Temperature effect on plate height for an X Bridge phenyl 
column based on values in Table 5.9 
5.4.2 Effect of flow rate 
Because the constant flow rate of 1 ml/min might not represent the optimum 
flow rate at the higher temperatures, the effect of linear velocity on the 
performance was examined at 150 ·C (Table 5.10 and Figure 5.38). By 
increasing the linear velocities from 1 to 2 ml/min the efficiency of most 
retained compound improved by 24 % (Figure 5.39). 
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Figure 5.38: Separation of phenols at high linear velocities with 
superheated water, compounds: 1) phenol, 2) p-cresol, 3) p-ethylphenol, 
4) p-propylphenol. 
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Table 5.10: Effect of flow rate at 150 °C on performance of XBridge 
phenyl for alkylphenols 
Flow 
rates R, k Height Symmetry W 1/2 Nl m HETP USP 
Phenol 
1 
ml/min 3.664 1.108 531 .29 0.92 0.18 15693 0.0063 1.039 
1.5 
ml/min 2.451 1.106 380.08 0.96 0.164 8267 0.012 1.010 
2 
ml/min 1.850 1.14 290.7 0.95 0.16 4760 0.0021 1.003 
2.5 
ml/min 1.471 1.16 235.4 1.00 0.16 3120 0.032 1.001 
p-cresol 
1 
ml/min 5.940 2.42 1080.5 0.90 0.21 30513 0.0033 1.058 
1.5 
ml/min 3.974 2.41 854.9 0.96 0.17 19687 0.0055 1.018 
2 
ml/min 3.018 2.48 674.1 0.96 0.16 12440 0.008 1.019 
2.5 
ml/min 2.413 2.54 548.98 0.97 0.16 8173 0.01 1.007 
p-ilthyl phenol 
1 
ml/min 10.851 5.09 882.15 0.89 0.30 44740 0.0022 1.070 
1.5 
ml/min 7.080 5.08 848.8 0.92 0.21 42793 0.0023 1.046 
2 
mVmin 5.402 5.24 740.14 0.95 0.18 32240 0.003 1.023 
2.5 
ml/min 4.340 5.37 638.9 0.95 0.16 24760 0.004 1.012 
p·propyl phenol 
1 
ml/min 20.50 10.80 156.09 2.17 0.56 49493 0.0020 0.611 
1.5 
ml/min 13.725 10.79 169.74 1.50 0.33 62613 0.0016 1.054 
2 
ml/min 10.519 11 .15 168.7 0.95 0.26 61493 0.0016 1.036 
2.5 
ml/min 8.478 11.45 163.75 0.94 0.21 56547 0.0017 1.021 
Rs 
6.86 
5.44 
4.35 
3.62 
10.5 
9.52 
8.16 
7.00 
12.29 
13.64 
13.49 
12.56 
-
-
-
-
Where t, retention time, k; retention factor; W 1l2 peak width; N efficiency; HElP (cm): height 
equivalent plate: UN; L: length of column (15 cm), Nl m: efficiency and Rs resolution between 
two adjusted peaks. 
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Figure 5.39: van Deemter plots of plate height against flow rate. Mobile 
phase superheated water at 150 ·C. 
The increased flow rate led to small increment in retention factor (k) (Figure 
5.40) which is not expected and might indicated that another parameter was 
affecting the retentions [294]. As seen in Chapter 8 changing flow rate also 
alters the internal pressure in the column and hence selectivity and this might 
be the cause in the present case. 
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Figure 5.40: Effect of flow rate on retention factor of alkyl phenol with 
superheated water on XBridge phenyl column at 150 ·C. 
The higher flow rates also decreased the resolution for the earl ier peaks 
(Figure 5.41). Therefore, increasing flow rate saves time and improves the 
resolution [343]. 
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Figure 5.41 : Decrease in retention and resolution for phenolic 
compounds at increase flow rate from 1 mllmin to 2.5 mllmin on XBridge 
phenyl column . 
The increased flow rate also caused the methylene selectivity to increase 
slightly (Figure 5.42) which could also be due to effect of pressure on 
retentions. 
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Figure 5.42: Methylene selectivity between p-propylphenol and p-
ethyl phenol as a function of linear velocities. 
A more detailed study of the effect of linear velocities on the efficiency of 
phenolic compounds on XBridge phenyl column is reported in Chapter 6. 
199 
Chapter 5 Separation using pure water 
5.4.3 Thermodynamic parameters of the XBridge Phenyl column 
From the results in Table 5.8 and Table 5.9, thermodynamic parameters for 
the retention of the alkylphenols and phenylalkanols could be determined 
(Table 5.11). The results suggested that the transfer of solute from mobile 
phase to stationary phase is enthalpic favourable and entropic unfavourable 
at increased water temperature. 
Table 5.11: Thermodynamic data for alkylphenol and aromatic alcohols 
on XBridge phenyl column 
analyte Ill{ IlS' T IlS' Il.G· 
(kJ/mol) (J/Klmol) (kJ/mol) (kJ /mol) 
phenol -27.93 - 64.84 -25 .48 -2 .45 
p-cresol -33.18 - 70.15 -27.57 -5 .61 
4-ethylphenol -38.95 - 78.15 -30.71 -8 .25 
4-propylphenol -45.43 - 87.15 -34.24 -11 .19 
2-phenylethanol -35.56 -74.63 -29.33 -6 .23 
3-phenylpropanol -40.67 -8 1.30 -31.95 -8 .72 
Where T= 393 'K; /j,Go = /j"H o - T!!'s° 
These results could be compared (Table 5.12) with those for the XTerra 
phenyl bonded phase from Table 5.7. 
Table 5.12: Comparison of enthalpies values for alkylphenols on 
XBridge phenyl and XTerra phenyl columns in the superheated water 
region (130- 200°C) 
XBridge phenyl XTerra phenyl 
analyte 1lH" (kJ/mol)- IlH' (kJ/mol) 
phenol -27 .93 -33 .46 
p-cresol -33 .18 -39.92 
4-ethylphenol -38.95 -46 .10 
4-propylphenol -45.43 -52.98 
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In order to test if there was also a discontinuity in the retention properties of 
this column the two most rapidly eluted analytes, phenol and p-cresol were 
examined over a wider range of temperatures. As with the earlier columns 
the van 't Hoff plot (Figure 5.43) showed two linear sections with breaks at 
157.5 ·C for p-cresol and 135.2 ·C for phenol. 
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Figure 5.43 : Nonlinear van 't Hoft plot for phenol and p-cresol as a 
function of temperature on XBridge phenyl column. 
5.4.4 Methylene selectivity of the column 
The changes in methylene selectivity for the phenols were also calculated for 
the changes in temperature at different flow rates (Table 5.13). 
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Table 5.13: Methylene selectivity for alkylphenol at increase 
temperatures and high flow rate on XBridge phenyl columns using 
superheated water 
Constant variables a (er/ph) a (etler) a (pr/et) 
Flow rate Temperature 
(lml/min) 
130·C 2.35 2.29 2.34 
140' C 2.27 2.20 2.23 
150' C 2.19 2.11 2.14 
160·C 2.1 2.04 2.05 
170' C 2.04 1.96 1.96 
180·C 1.97 1.89 1.89 
190'C 1.86 1.83 1.82 
200'C 1.88 1.77 1.76 
Temperature Flow rate 
(150 'C ) 
1 ml/min 2.18 2.10 2.12 
1.5 ml/min 2.17 1.78 1.86 
2 ml/min 2.18 2.11 2.13 
2.5 ml/min 2.19 2.13 2.14 
Where ph. phenol , cr. p·eresol, et. p-ethylphenol, pr. p-propylphenol 
The changes in methylene selectivity were linear as expected over this 
temperature range (Figure 5.44). The enthalpy contribution to methylene 
selectivity (t;, t;,HO) between ethyl and propylphenols was -6.65 kJ/mol and 
entropy contribution to methylene selectivity was -9.01 J IKlmo l. 
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Figure 5.44: Methylene selectivity between 4-propylphenol and 4-
ethyl phenol as a function of superheated water mobile phase 
temperature on X Bridge phenyl column. 
The methylene selectivity also studied between 3-phenylpropanol and 2-
phenylethanol (Figure 5.45). the enthalpy of the methylene selectivity (lIl1H) 
was -5.33 kJ/mol and entropy 1I11S -7.18 J/K/mol. 
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Figure 5.45: Methylene selectivity between 3-phenylpropanol and 2-
phenylethanol as a function of superheated water mobile phase 
temperature on X Bridge phenyl column. 
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These values could be compared with those found by Liu et al. [248] for 
alkylbenzene and aromatic alcohols on X-Bridge C18 hybrid column who 
found similar values (Table 5.14). 
Table 5.14: Comparison of enthalpy and entropy contribution to 
methylene selectivity on XBridge phases 
XBridge phases Homologue analyte .ll.H· CH' ( kJ/mol) .11.5· CH' ( J/Klmol) 
~~--~----------------------~ X-Bridge phenyl alkyl phenol -5.9 -7.44 
X-Bridge phenyl phenylalkanols -5.3 -7.17 
XBridge C18[248] Alkylbenzene -6.9 -8.91 
X-BridgeC18[248) aromatic alcohols -6.19 -8.82 
5.4.5 Column void volume 
Further possible explanations for changes in properties have been suggested 
to be a change in the effective phase ratio which would alter the void volume 
of the column. The values were therefore measured at different temperatures 
for both water and methanol-water eluent using uracil as the void volume 
marker. 
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Table 5.15: Column void volume determination using uracil with different 
mobile phases and temperatures on XBridge phenyl column 
Mobile phase VoIml 
Water@60 'C 2.29 
Water @80'C 2.12 
Water @90'C 2.04 
Water @ 100' C 1.99 
Water @ 11 O' C 1.93 
Water @ 120' C 1.88 
Water @ 130'C 1.84 
Water @ 140'C 1.81 
Water @ 150' C 1.77 
Water @ 160' C 1.75 
Water @ 170' C 1.67 
Water @ 180' C 1.64 
Water @ 190'C 1.62 
Water @ 200'C 1.59 
MeOH-H20 ( 40: 60) 2.04 
MeOH-H20 ( 35: 75) 1.94 
MeOH-H20 ( 30: 70) 1.89 
MeOH-H20 ( 10: 90) 2.17 
MeOH-H20 ( 10: 90)@ 40' C 2.02 
MeOH-H20 ( 10: 90)@ 50' C 1.94 
MeOH-H20 ( 10: 90)@ 60' C 1.90 
Where Vo - F'Io: F: flow rate (ml/min); 10: retention time of un retained compounds (uracil) 
Al tering the proportion of methanol had only a small no-systematic effect, but 
increasing temperature considerably reduced the retention of uracil, which 
might suggest that even at moderately high temperatures it was slightly 
retained and the retention could be reduced further as the eluent strength 
increased. 
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5.5 Summary 
The hybrid columns all were generally stable but the stability could be 
exceeded and column degradation was found. None of the analytes showed 
any suggestion of degradation. In most of the systems there appeared to be a 
change in the retention mechanism at a discontinuity point above 100 °C 
which may not have been observed previous studied over shorter temperature 
ranges. 
In this study. water temperature has impact in the retention of studied solutes 
when the temperature of the mobile phase changed from hot water to 
superheated water. The phase ratio of the column was decrease very slightly 
with increasing column temperature and can be confirmed by a change in 
retention of two probes whereas the methylene selectivity between two 
probes should remain constant. Methylene selectivity of the hybrids phases 
decrease by increasing temperature and increases slightly by increasing flow 
rate due to effect of the pressure on the retention factor. The separation on 
the hybrid phases can be controlled by column temperature or by % of 
organic content in the mobile phase. 
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CHAPTER SIX 
EFFICIENCY OF PHENYL BONDED HYBRID PHASES 
USING SUPERHEATED WATER AS THE ELUENT 
6.1 Introduction 
In previous studies [172, 181 , 183, 190, 201) , PS-OVB, PBO- Zirconia , PGC, 
XTerra ™ RP 18, 00S1 , Amide C16, alumina and C18 AB stationary phases 
have been used successfully for separations using superheated water as the 
mobile phase. However, not all these studies concentrated on the study of the 
efficiency of the column in superheated water. 
Burgess [172) studied PS-OVB and PGC stationary phases in superheated 
water and found that efficiency of the PS-OVB column decreased at high 
linear velocities, with the H versus u plot appearing parabolic in shape. 
However, there was also a distorted peak for phenol as a result of poor 
equilibration between the incoming mobile phase and the temperature of the 
column. Wilson [183) found that an XTerra RP 18 column was similar in 
separation to a conventional C 18 column for elution and stability in 
superheated water for the separation of a range of drug compounds. Sa ha 
[201) studied the van Oeemter curve for XTerra ™ RP 18 at 130 ·C in 
superheated water and found the C-term is higher than in a conventional LC 
mobile phase. This result contradicts the expected theory because the 
diffusion coefficient increases as the temperature is increased and therefore 
the C-term should decrease. 
The present study therefore examined the stability and efficiency of selected 
new hybrid stationary phases, including XTerra phenyl and X Bridge phenyl 
columns, to determine the applicability of these columns for use with 
superheated water chromatography. 
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6.2 XTerra phenyl column 
XTerra phenyl columns with 5 flm particle size and 12 % carbon load were 
selected because in trial separations [230] they appeared to offer good 
selectivities and peak shapes. However, the efficiency of the acetophenone 
peak was lower in hot water at 90 ·C than in 5 % methanol at 80 ·C, even 
though the retention factors in the two eluents were similar (Chapter 5). 
The retention factors of acetophenone and p-hydroxy acetophenone were 
sufficient at 90 ·C to minimise the influence of extra-column band broadening 
effects. To determine the optimum flow rates, these compounds were 
separated on the XTerra phenyl column at 90 ·C using flow rates from 0.2 to 
1.8 mllmin and efficiencies were calculated (Figure 6.1 ). Although 
acetophenone is more retained than p-hydroxy-acetophenone, it has 
significantly lower efficiency and for both analytes the efficiency decreased as 
the flow rate increased. Van et al. [16J also found a similar pattern of reduced 
efficiency at high flow rate for acetophenone and other alkylphenones, but 
found an improved efficiency at high temperatures up to 150 ·C compared to 
room temperature. 
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Figure 6.1: Relationship of H vs linear velocity (u) on XTerrra phenyl 
column (150 x 4.6 mm 1.0., 51Jm) using water eluent at 90 ·C. 
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From Figure 6.1 , the optimum velocity (u opt) for p-hydroxyacetophenone was 
around 0.049 cm/sec (a flow rate of 0.5 ml/min) and the optimum velocity for 
acetophenone was 0.059 cm/sec (0.6 ml/min). 
Rocca at el. [14] on the other hand found the optimum linear velocity with 
superheated water was independent of temperature; while the optimum 
reduced plate height (hopt) was dependent on the stationary phase, which was 
in contradiction to Van et al. [16]. In the present study, the A, Band C 
coefficients of van-Deemter equation were calculated for the XTerra phenyl 
column using the Excel Solver function (Table 6.1). 
Table 6.1: Computed values of van Deemter coefficients for the 5 IJm 
XTerra phenyl column 
Analyte Mobile phase Van Deemter coefficients 
A B (Cm ' /sec) C (sec) 
p·hydroxy· 
acetophenone H2O@90 ' C 0.00365 0.000036 0.01732 
acetophenone H2O@90 ' C 0.00440 0.000073 0.02632 
When these computed coefficients were plotted against u, a clear picture of 
the effect of the individual computed coefficients of H emerged : Figure 6.2 
plot for p-hydroxyacetophenone and Figure 6.3 plot for acetophenone. 
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Figure 6.2: Calculated H vs u obtained on 5 Ilm X Terra phenyl column 
(150 x 4.6) for the values of van Deemter curve for 
hydroxyacetophenone. 
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Figure 6.3: Calculated H vs u obtained on 5 Ilm X Terra phenyl column 
(150 x 4.6) for the values of van Deemter curve for acetophenone. 
From these plots, it can be observed that the influence of longitudinal diffusion 
(B-term in the van Deemter equation) is a major contributor to the plate height 
for 90 ·C water at lower velocities and is nearly negligible at high linear 
velocities. Van and co-worker found that the a-term increased with increasing 
temperature which agrees with the theory [16]. Fundamental chromatographic 
theory states that a a-term of between 1.5 to 2 Om increases as the column 
temperature increased [30,112]. The effect of the C-term is more pronounced 
at high linear velocities. 
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The more retained the compounds, the more significant the reduction in C-
term. In our study, the Band C-terms for the less retained compound, p-
hydroxyacetophenone were lower than for acetophenone. This agrees Van et 
al. who that found that C-term for a more retained compound, 
tetradecanophenone, was lower than acetophenone at elevated temperature 
[16,115]. 
6.3 XBridge phenyl column 
A 3.5 ~m XBridge phenyl column with carbon load of 14 % was then used to 
separate alkylphenols homologues and aromatic alcohols with superheated 
water until 200 ·C. The retention factors of the alkylphenols at 150 ·C in 
superheated water were similar to those in 40 % methanol at room 
temperature and 10 % MeOH at 110 ·C (Figure 6.4). However, the efficiency 
in superheated water was lower than with 40 and 10 % methanol at the same 
flow rate. 
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Figure 6.4: Separation of alkyl phenol on XBridge phenyl with different 
mobile phases at a flow rate of 1ml/min, solutes: 1) uracil ; 2) phenol; 3)p-
cresol; 4) p-ethylphenol; 5) p-propylphenol. 
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It was decided to further characterise this phase because the XBridge phases 
are based on polyethylenesilanes, which differ from the XTerra hybrid and 
were reported to have higher hydrolytic stability to pH [230] and higher 
stability to temperature [344]. The influence of the mobile phase linear velocity 
on the column efficiency was therefore studied. The experiments were 
performed using water at 150 'C as a mobile phase with flow rates from 0.2 to 
2.5 ml/min at an increment of 0.1 ml/min (Figure 6.5). Phenol and p-cresol 
were chosen as the test solutes because their retention factors: phenol, k = 
1.16 and p-cresol k = 2.54 at 150 ·C were sufficient long to separate them 
from the void volume, but sufficiently short that at low flow rates the retention 
times would not be excessive. 
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Figure 6.5: H vs u plots for phenol and p-cresol on XBridge phenyl 
column at 150°C with 100 % water mobile phase. 
The A, Band C coefficients of the van Deemter curve were modelled using 
the Solver function in Excel (Table 6.2) and were plotted to show their 
influence on H (Figure 6.6 for phenol and Figure 6.7 for p-cresol ). 
The results were compared to the reported values for an XTerra RP 18 
column [201). 
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Table 6.2: Modelled values of van Deemter coefficients on a 3.5 Ilm 
XBridge phenyl column 
Column 
X Bridge 
phenyl 
X Terra ™ 
RP18 
[201] 
0.008 
0.006 
E 
u 0.004 
'i: 
Mobile phase 
Superheated 
Water@ 
150 ·C 
Superheated 
water@ 
150 ·C 
Superheated 
Water@ 
130 ·C 
Van Deem!er coefficients 
Analy!e A B 
cm 2/sec 
phenol 
0.00006 0.00016 
p-cresol 
0.00070 0.00020 
p-cresol 0.00001 0.00024 
• I • • • 
.. 
oL 
o 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 
u (cm/s) 
-+- calculaled phenol ___ A BIU _ c-u 
C 
sec 
0.00685 
0.00380 
0.02433 
Figure 6.6: Calculated H vs u obtained on 3.51lm X Bridge phenyl column 
(150 x 4.6) for the values of van Deemter curve for phenol. 
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Figure 6.7: Calculated H vs u obtained on 3.51lm X Bridge phenyl column 
(150 x 4.6) for the values of van Deemter curve for p-cresol. 
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From these plots, it is clear that the influence of longitudinal diffusion (the 8-
term in the van Deemter equation) is again a major contributor in the low 
linear velocity region and its consequences are negligible at high velocities. At 
high flows the analytes spend less time on the column, which decrease the 
effects of the longitudinal diffusion but increase the mass transfer effect. It has 
been predicted that the 8 term should increase as the column temperature 
increases at constant flow rate [112]. 
As shown in Table 6.2, A-term for p-cresol at 150 ·C is greater than A-term for 
p-cresol at 130 ·C. The A term can be optimised by selecting a good bed 
structure packing and should be independent of temperature. The effect of 
temperature in A-term is uncertain, however, high temperature used should 
improve the laminar lateral mixing of molecules among different flow channels 
[117, 343] . Giddings [344] discussed the theory for this effect and determined 
the theoretical packing constant ( A ) for packed column and found a value 
close to 0.6 represented well packed column [117]. Warren and Bidlingmeyer 
[130] found a significant reduction in A-term due to radial compression, and 
concluded that in a temperature controlled system, the improvements in 
column efficiency are not a definite consequence of increasing the column 
temperature. 
Recently Sa ha [201] found that A-term in the van Deemter curve of different 
stationary phases including polymeric, PBD Zirconia and hybrid silica were 
reduced more when superheated water was used as a mobile phase than 
conventional acetonitrile mobile phase. Yan et al. [16] found that A-term was 
relatively constant at increasing temperature and was about 3-4 times 
particles diameter. Thus, they concluded that the A-term depended on the 
packing of the column and was independent of the retention factor and 
temperature. 
In the present study, the 8-term for p-cresol was higher compared to phenol 
on X-Bridge phenyl column. This suggested that the diffusion coefficient of p-
cresol was higher although as a larger compound a lower value would be 
expected. 
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In addition the C-term for p-cresol was lower than in phenol , indicating that the 
resistance to mass transfer of the more retained solute was lower. Previous 
studies on PGC [172J and PS-DVB [201J columns with superheated water 
found that the C -term for ACN/H20 mixture was lower compared to the 
superheated water for phenol and p-cresol (ACN/H20 : 0.1236 and 
superheated water: 0.2798). 
In the current study, the reduced plate height vs. flow rate curve (Figure 6.7. 
Figure 6.8) indicated that the optimum linear velocity (uopt) for phenol was 
around 0.1656 cm/sec (1 .2 ml/min) at maximum efficiency of 7260 plates and 
the optimum velocity for p-cresol was around 0.209 cm/sec (1 .5 ml/min) at 
maximum efficiency of 6831 . 
As expected , an increase in flow rate reduced plate height and resolution 
between phenol and p-cresol from 14.25 to 9.5 (Figure 6.9). The fait of van 
Deemter at high linear velocities means that the high flow rate improves the 
separation spe'ed and enables the separation at higher flow rate. 
Burgess [172J observed a distortion of peak shape at high linear velocity. 
suggesting a poor equilibrium between incoming mobile phase and column 
temperature at 190 ·C superheated water on a PS-OVB column. Perchalski 
and Wilder [345J also found peak distoration at increase temperature and 
attributed this phenomenon to temperature differentials between cooler 
incoming mobile phase and column itself. However, in our study, the peak 
shape was not distorted even at high flow rate of 2.5 ml/min (Figure 6.9). 
Therefore, the preheating tubing (90 cmx 0.005 I.D.) used in this study 
appeared to adequately heat the mobile phase to the column temperature. 
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Figure 6.9: Chromatograms of separation of phenol and p-cresol on X 
Bridge phenyl column with superheated water as the mobile phase at 
four different flow rate, oven temperature 150'C, injection volume 5 ~I. 
Solutes : 1) uracil , 2) phenol, 3) p-cresol. 
6.4 Summary 
In this study, we demonstrated the efficiency of hybrid-phenyl stationary 
phases in high temperature liquid chromatography (HTLC) with superheated 
water mobile phase by examining the van-Deemter coefficients. 
The efficiency of both columns was significantly decreased at low linear 
velocities due the domination of the B-term but at higher linear velocities the 
C-term dominating the separation. The peaks shapes of all analytes were also 
not distorted even at high flow rates of 2.5 ml/min. 
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CHAPTER SEVEN 
SEPARATION OF SELECTED STEROIDS AT ELEVATED 
TEMPERATURE ON XTerra MS Ci8 COLUMN 
7.1 I ntrod uction 
Elevated temperature has become· an effective approach to separations in 
liquid chromatography because of reduction in analysis time and column 
back-pressure. Moreover, elevated temperature can increase column 
efficiency by 30 % at high flow rates (335). In addition, in some cases the 
selectivity can be improved at elevated temperatures (335). Furthermore, 
because elevated temperature can significantly decrease column back 
pressure at higher flow rates can be used to give decreased analysis time. 
For example, Li and Carr (223) separated polyaromatic hydrocarbons (PAH) 
and a mixture of polar and non polar compounds on polybutadiene -coated 
zirconia column with high temperature and high flow rate with 18-fold 
decrease in analysis time without loss in resolution. 
Steroids are complex polycyclic molecules found in all plants and animals. 
The most important function of steroids is to serve as hormones. Accordingly, 
synthetic steroids have very important medicinal purposes in the treatment of 
many diseases such as psoriasis, rheumatoid arthritis and asthma and as 
anti-inflammatory. Steroid hormones are widely used throughout the body 
and are involved in numerous regulatory pathways including immune 
response, sexual ,differentiation, and metabolic function. Such widespread 
activity makes steroids an important class of therapeutic compounds; such 
systemic effects often require drug monitoring to minimize numerous side 
effects. A particular example revolves around immune response; steroids are 
very potent anti-inflammatory drugs and in many cases closely monitored, 
especially for patients with autoimmune disorders (80). Illicit steroid usage has 
skyrocketed as a performance enhancer for athletes. Such extensive abuse of 
steroids has also led to a dramatic increase in drug testing of athletes by 
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regulatory agencies. However, the great diversity in the structure of steroids 
and their derivatives and their wide range of polarities present special 
problems for the simultaneous analysis of both classes of steroids in the 
sample [252). 
In previous high temperature studies, Zhao and Carr [80) compared the 
selectivity of steroids on different stationary phase and found C18-Si02 more 
selective than polystyrene - coated zirconia (PS-Zr02) with similar sequence 
elution of compounds. They used strong ammonium fluoride buffer (20 mM) to 
improve the resolution of steroids on a short PS-Zr02 column because the 
function group in steroids act as Lewis bases and interact with Lewis acid 
sites on the surface of Zirconia based materials. Fields et al. [185) on the 
other hand used polymer coated zirconia and were able to separate steroids 
using superheated water. More recently, Ayano et al. [347) also reported the 
separation of steroids using a temperature responsive poly (N-
isopropylacrylamide) (PNIPAAm) - modified surface silica in their study to 
investigate the effect on the retention behavior and the external temperature 
with a step temperature gradient. The PNIPAAm-modified surface of the 
stationary phase exhibited temperature-controlled hydrophilic-hydrophobic 
changes in separation of steroids with water [348). 
The aim of the present work was to examine the applications of hybrid bonded 
phases to the high temperature separation of a selected group of related 
steroids (Table 7.1). 
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Table 7.1: Structure and properties of selected steroids 
Steroids 
Estriol 
1,3,5(1 O)-Estratriene-3, 16a, 17~-triol 
(16a-Hydroxyestradiol) 
ClsH2403 
Fwt: 288.38 
1,4-Androstadiene-3,11,17 -trione 
C 19H2203 
Fwt: 298.39 
19-Nortestosterone 
(17J>-Hydroxy-19-norandrost-4-en-3-
one) 
Nandrolone 
CI8H260 2 
Fwt: 274.41 
Testosterone 
(17J>-Hydroxy-3-ox0-4-androstene) 
C 19H 2S02 
Fwt: 288.43 
Progesterone 
(4-Pregnene-3,20-dione) 
C21H3002 
Fwt: 314.46 
Structure 
Me 
>--OH 
OH 
o 
Different column lengths were examined because some of the steroids were 
highly retained. All the compounds were stable at the temperatures used 
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excep 19-testosterone 17 decanoate which gave three peaks at 70 ·C and 
was therefore not studied further. The elution order for five steroids in each 
case was in order of increasing analyte hydrophobicity, estriol, 1, 4-
androstadiene-3, 11, 17 -trione, 19-nortestosterone, testosterone and 
progesterone. 
7.2 Separations on 150 mm XTerrra MS C18 column 
In a preliminary study, the performance of columns packed with 5 Ilm or 3.5 
Ilm particle of XTerra MS C18 was compared (Figure 7.1) using 20% 
methanol and 90·C. As expected, as the temperature increases, the 
efficiency (N) increases, the peak width decreases. The separation was more 
efficient and selective on the smaller particle size column (Table 7.2) and this 
column was therefore used in the subsequent studies. 
Table 7.2: Effect of particle size on efficiency of testosterone on XTerra 
MS C18 at 90·C with 20 % MeOH and injection volume 5 JJI (separation 
conditions as Figure 7.1) 
Particle 
size 
51lm 
3.51lm 
Pressure 
(bar) 
87 
133 
Efficiency 
Nlm 
30267 
68660 
1.12 
0.72 
Selectivity 
1.27 
1.30 
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Figure 7.1 : Separation of steroids in order of retention ( 1) estriol, (2) 
1,4·androstadiene·3,11,17·trione, (3) 19·nortestosterone, (4) 
testosterone on 3.5 and 5 IIm XTerra MS C18 columns at 90 'C with 20 % 
MeOH at flow rate 1 mllmin, the Injection volume 5 Ill. " 
In order to compare the effect of temperature and eluent composition, the 
separation of the selected steroids was first performed on 3.5 IJm XTerra MS 
C18 column with a mobile phase containing 40 % MeOH at 40 'C but the 
retention times were excessive. When the temperature was increased to 50 
·C (Figure7.2) the last eluting compound, progesterone eluted at 154 minutes. 
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Figure 7.2 : Separation of steroids on 3.5 Ilm XTerra MS C18 at 50 'C with 
40 % MeOH in order of retention (1) estriol, (2) 1 ,4·androstadiene·3,11 ,17· 
trione, (3) 19·nortestesterone, (4) testosterone (5) progesterone, 
injection volume 5 Ill. 
When the percentage of methanol was increased by 10 % the retention time 
of progesterone decreased to 37 minute (Figure 7.3). The separation factor 
(a) for testosterone /19-nortestosterone changed from 1.50 at 40 % methanol 
to 1.37 at 50 % and a for progesterone/testosterone changed from 3.10 to 
2.56, respectively. This change in selectivity is probably due to changes in the 
interaction by hydrogen bonding in each mobile phase. 
_ 'Ho -.ot-t __ -0 
• 
.. • 1D 11 • 20 ..o ..o -
Time (min) 
Figure 7.3: Separation of steroids in order of retention (1) estriol, (2) 1, 4-
androstadiene-3, 11, 17·trione, (3) 19·nortestesterone, (4) testosterone, 
(5) progesterone on 3.5 Ilm XTerra MS C18 at 50 'C with 50 % MeOH and 
flow rate 1 ml/min, injection volume 5 Ill. 
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If the variables were altered systematically. for each steroid there was a 
systematic change in retention time with increasing the methanol fraction in 
the mobile phase (Figure 7.4a). or increasing the column temperature 
(Figure 7.4b) for 1. 4-androstadiene-3-11-17-trione. Retention order of 
selected compounds does not change by increasing the methanol fraction or 
by increasing column temperature. 
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Figure 7.4: plot of logarithmic retention factor versus the reciprocal 
absolute temperature (a) or percentage of methanol in the 
water/methanol mobile phase (b) of 1, 4-androstadiene-3-11-17-trione. 
Legends in (a) show the percentage of methanol in aqueous mobile 
phase whereas in (b) temperature. 
Figure 7.5 shows the change in retention with increasing methanol fraction in 
the mobile phase. The % of methanol is plotted versus In RT and it is obvious 
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that the retention increased by decreasing percentage of methanol in the 
mobile phase. 
6 
5 
4 
2 
o 
0% 10% 20% 
~estriol ~androstadiene 
30% 40% 50% 60% 
% MeOH 
19-Nortestoslerone ~ Testosterone 
Figure 7.5: Changes in the retention time of steroids versus change of 
percentage of methanol in the mobile phase on 3.5 Ilm XTerra MS C18 
column temperature 90 ·C. 
Retention time shows linear variation with temperature. The change in the 
retention time of testosterone with temperature for each mobile phase is 
shown in the Figure 7.S. 
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Figure 7.S: Changes in the retention time of testosterone as a function of 
temperature with different mobile phase flow rate 1 mllmin. 
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Figure 7.7 shows typical chromatograms of steroids on an XTerra MS C18 
column at 50 ·C and 90 'C with 50 % MeOH. As expected in reversed-phase 
HPLC using an OOS column, the retention times decrease with increasing 
temperature due to increased hydrophobic interaction by temperature. By 
increasing temperature the analysis time reduce from 36 minutes to 12 
minutes. This is 3- fold reduces in analysis time at the same flow rate and 
thus save consumption of mobile phase. In addition, high temperature 
improved in efficiency without overlap of peaks. The peak width reduce at 90 
'C especially for late-eluted compound, progesterone by 3-fold with 
significantly improved in the detector response relative to 50 'C due to 
reduced in the retention time and increase in the height peaks. 
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Figure 7.7: Separation selected steroids at 50 % MeOH at elevated 
temperature, Compound: 1) 1, 4-androstadiene -3, 11 , 17-trione, 2) 19-
nortestosterone, 3) testosterone, 4) progesterone. 
Figure 7.8 shows the variation of the In k values with the temperature 
changes of XTerra MS C18 column with 50 % MeOH as the mobile phase. 
6 • 
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The stationary phase showed a greater affinity for steroids at low temperature 
(50 ·C) compared to higher temperature (90 ·C) . 
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Figure 7.8: Comparison of In k on XTerra MS C18 column at 50 ·Cand 90 
·C using 50 % MeOH as a mobile phase with flow-rate 1.0 mUmin. 
Samples: (1) estriol ;(2) androstadiene; (3) 19-nortestosterone; (4) 
testosterone and (5) progesterone. 
By decreasing the percentage of methanol in the mobile phase to 40 %, the 
retention time for the selected compound reduced significantly from 155 to 29 
minutes as shown in the chromatograms in the Figure 7.9. As a results of the 
temperature increase the resolution for critical pair estriol and androstadiene 
decreases by increasing the temperature from 7.9 at 50 ·C to 6.5 at 100 ·C. 
The retention time decrease by increasing temperature without loss of 
resolution between critical pair estriol and androstadiene at high temperature 
means that the column more efficient at increase temperature. 
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Figure 7.9: Separation of selected steroids in order of retention (1) 
uracil, (2) estriol, (3) androstadienene, (4) 19- nortestosterone, ( 5) 
testosterone, ( 6) progesterone on XTerra MS C18 with flow rate 1ml/min 
and 40 % MeOH mobile phase. 
The effect of temperature on performance separation of steroids was 
evaluated by studying the effect of temperature on the efficiency (N/m) of 
column (Table 7.3). It can be seen that the column efficiency (N/m) markedly 
decreased when the column temperature was increased (Figure 7.1 0). This 
study used a 1 m, 0.005 in Ld. temperature equilibration coil in the oven as a 
preheater from pump to column reduce extra-column broadening. Carr et al. 
[223] reported that low efficiency at high temperature could probably be owing 
to the longitudinal molecular diffusion that is more pronounced at high 
temperature. 
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Table 7.3: Efficiency of selected steroids as a function of temperature 
Column 
Temperature 50 ' C 60 'C 70 'C 80 'C 90 'C 100 'C --~~~--~~--~~--~~--~~~~~ 
Steroids __ ~N~/~m~_~N~/.!.!m!.-_ _ N,-,I",m"----__ ,-,N~/m"----_-----,N,-,I",m,,----_-,,N,,,/m"---1 
Estriol 17053 16393 14950 13467 11287 9740 
Androstadiene 27313 26340 25683 23430 20647 17667 
Nortestosterone 54177 55067 56750 53740 51213 45980 
Testosterone 58390 61153 64123 61790 35787 54800 
Progesterone 68467 79340 82393 85627 81990 84113 
Steroids mixture was used to study the temperature effect on the XTerra MS 
C18 column efficiency. The relationship between HETP and separation 
temperature was plotted in Figure 7.10. The optimum separation temperature 
was found around 70 'C at maximum column efficiency. Greater increase in 
efficiency especially for the last compounds as the temperature increase is 
due to increase in the mass transfer [166, 349, 16). 
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Figure 7.10: Temperature effect on plate height for XTerra MS C18 with 
mobile phase 40 % MeOH and flow rate 1 mllmin. 
Peak width computed from chemstation as Wy, decreased by half when 
changing temperature from 50 to 100 ·C. As a results of reduction in the peak 
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width, the peak height increased significantly as a result of improved in the 
detector response by increasing the temperature. 
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Figure 7.11: Peak height and peak width of selected steroids as a 
function of column temperature. 
A number of further conditions were also examined and generally there was a 
marked decrease in the retention factor with increasing temperature and with 
increasing proportions of methanol (Table 7.4). 
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Table 7.4: Retention factor of steroids as a function of temperature using 
different mobile phase 
Column 
temperature 
· C Retention factor (k) 
Steroids 
1,4- 19-
Estriol androstadiene Nortestosterone Testosterone Progesterone 
3,11 ,1 7-trione 
MeOH-
water 50-50 
50 1.38 1.68 5.87 8.02 20 .54 
60 1.19 1.42 4.55 6.14 15.25 
70 0.97 1.18 3.69 4.92 11 .89 
80 0.79 1.01 2.84 3.74 8.76 
90 0.71 0.85 2.29 2.98 6 .78 
MeOH-
water 40-60 
50 3.44 5.15 20 .16 29.43 91 .19 
60 2.58 4.09 14 .94 21.47 63.85 
70 1.96 3.25 11 .09 15.69 44.78 
80 1.51 2.61 8.32 11.57 31 .73 
90 1.19 2.14 6.41 8.78 23.22 
100 0.95 1.74 4.94 6.67 16.94 
MeOH-
water 30-70 
50 9.49 16.58 69.08 107.97 -
60 7.04 12.59 49.30 74.68 -
70 5.13 9.57 35.37 53.22 -
80 3.78 7.37 25.53 37.77 -
90 2.95 5.78 18.89 27.43 -
MeOH-
water 20-80 
90 8.64 19.78 67.01 103.72 -
100 6.25 16.90 46.99 71 .01 . 
110 4.65 10.74 33.31 49.54 -
120 3.57 8.004 23.77 34.66 -
The effect of temperature on column separation mechanism can be evaluated 
from the retention data using van't Hoff plots (Figure 7.12 and Figure 7.13). 
Linear plots were obtained for each mobile phase with very good correlation 
more than 0.999 which indicated that the same separation mechanism exists 
across the temperature range. The slope of each compound increased on 
decreasing % of methanol suggesting a strong interaction between solutes 
and mobile phase. The enthalpy of association of the analyte and stationary 
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phase is negative over the enti re temperature which indicates that the 
retention factors of the sample component decrease with increasing 
temperature. 
Van't Hoff plots for 50 % MeOH (from 50 to 90 .c) 
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Figure 7.12: van 't Hoff for steroids for for different methanol 
composition 50 and 40 % MeOH on XTerra MS C18 column from 50°C to 
90 °C at f low rate 1 ml/min. 
231 
Chapter 7 Separation of selected steroid 
Van't Hoff plots for 30 % MeOH (f rom 50 to 90 'C) 
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Figure 7.13: van 't Hoft for steroids for 30 % methanol at flow rate 1 
ml/min on XTerra MS C18 column. 
These relationships were used to calcu late the enthalpy and entropy of the 
separations (Table 7.5). The enthalpies increase from -27 to -16 kJ/mol with 
four different mobile phase conditions at decrease proportion of organic 
modifier. 
It was observed that the separation factor (a ) selectivity (Table 7.6) for a pair 
of steroids decreased slightly on increasing the temperature and as expected, 
increased on decreasing the percentage of methanol in the mobile phase. 
However, the selectivity ratio between the more rapidly eluted compounds 
increased on increasing the temperature. This might be because of 
insignificant reduction of retention compared to long retained compounds. 
These changes in selectivity could be due to changes in interaction of solute 
by hydrogen bonding in each mobile phase. Therefore, increasing the 
percentage of organic modifier and temperature of separation, the analysis 
time significantly decreased. However, manipulating the temperature of 
separation offer changes in separation selectivity but different from the 
changes due to manipulating the percentage of organic modifier [350] . 
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Table 7.5: Thermodynamic data for steroids lJ1 and liS' at decreasing 
methanol in the mobile phase (based on figures 7.12, 7.13) 
% of MeOH in mobile phase 50% 40% 30 % 20 % 
Temperature range ( ' C) 50·90 'C 50-lOO ' C 50-90 'C 90-120 
' C 
Analyte Thermodynamic parameters 
estriol 
/!; H"(k J Imol) -16.92 -25.99 -28.86 -35.05 
/!; SO( J Imol/K) -49.56 -70.11 -70 .57 -78.59 
Correlation 
coefficient (~) 0.9918 0.9993 0.9993 0.9979 
1,4. 
androstadiene /!; H"(k J Imol) -16.58 -21 .83 -25.85 -35.73 
3,11 ,17 -trione 
/!; SO( J Imol/K) -46.88 -53.83 -56.56 -73.49 
Correlation 
coefficient (~) 0.9998 0.9995 0.9994 0.9996 
19-nor 
testosterone /!; H"(k J Imol) -22.96 -28.37 -31 .79 -41 .03 
/!; SO( J Imol/K) -56.28 -62.68 -63 .05 -77.91 
Correlation 
coefficient (~ ) 0.9995 0.9995 0.9996 0.9998 
testosterone 
/!; H"(k J Imol) -24.20 -29.94 -33.47 -43.35 
/!; SO( J Imol/K) -57 .52 -64.39 -64.56 -80.69 
Correlation 
coefficient (~) 0.9997 0.9996 0.9997 0.9998 
progesterone 
/!; H"(k J Imol) -27.13 -33 .92 
- -
-
/!; SO( J Imo l/K) -58.77 -67.27 -
Correlation 
coefficient (~ ) 0.9998 0.9995 - -
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Table 7.6: Comparison of separation factor or selectivity ( a ) for steroids 
at elevated temperature and decreasing % MeOH on XTerra MS C18 
column 
Column Separation factor ( a ) for selected steriod 
Temperature( ' C) (androstiestriol) (nortestiandrost) (testostinorte) (progestitestost) 
MeOH·water 50-50 
50 1.22 3.46 1.37 2.56 
60 1.18 3.22 1.35 2.49 
70 1.26 3.0 1 1.33 2.42 
80 2.83 1.32 2.34 
90 1.21 2.66 1.30 2.27 
MeOH-water 40-60 
50 1.50 3.90 1.46 3.09 
60 1.58 3.65 1.44 2.97 
70 1.66 3.41 1.41 2.86 
80 1.73 3.19 1.39 2.74 
90 1.76 3.0 1.37 2.64 
100 1.84 2.83 135 2.54 
MeOH-water 30-70 
50 1.75 4. 17 1.56 
-
60 1.79 3 .92 1.51 -
70 1.87 3.7 1.50 -
80 1.95 3.46 1.48 
-
90 1.96 3 .27 1.45 -
MeOH-water 20-80 
90 2.29 3.39 1.54 -
100 2.30 3.30 1.51 -
110 2.3 1 3. 10 1.48 -
120 2.24 2.97 1.46 -
At high linear velocity of the mobile phase, longitudinal molecular diffusion 
should be no longer significant. However, it was found that high flow rate 
increases the plate height of the less retained analytes (Figure 7.14). High 
temperatures improved efficiency by 30 % compared to low temperature. The 
mass transfer is more pronounced at high linear velocities. The benefit of 
increasing the flow rate on separation is to accelerate interaction of 
compounds in the mobile phase and stationary phase and reduces the 
analysis time (70 % at increased flow rate from 1 to 3 mllmin) without losing 
the efficiency and resolution as in Figure 7.15. 
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Figure 7_14: van Deemter plots of plate height against flow rate for 
steroids with 40 % MeOH at high temperature (100 ·C) on XTerra MS C18. 
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Figure 7.15: Separation of steroids by increasing flow rate at high 
temperature (100 ·C) with 40 % MeOH on XTerra MSC18 column. 
Steroids compounds as Figure 7.9 
•• 
As a comparison of the effects of temperature and modifier, the change per 
1 % organic and per 1" C modifier was calculated by using fitted linear 
equation as in Figure 7.16 and Figure 7.17 to list the results in Table 7.7. 
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Figure 7.16: Change in retention of steroids versus change of 
percentage methanol in the mobile phase on XTerra MS C18 at flow rate 
1 mllmin and column temperature 50 ·C. 
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Figure 7.17: van Hoft plot for change in retention of selected steroids 
versus 1/temperature with 30 % MeOH on XTerra MS C18 at flow rate 1.0 
ml/min. 
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Table 7.7: Calculated change in retention time for one % increment 
change in % organic modifier at 50 'C and change in one temperature 
increment for mobile phase containing 30 % methanol 
(a) Change in retention time by increasing 1 % of organic modifier. 
% or9 %or9 RT RT RT 
Steroids (A) (6 ) (A) (6) change intercept slope 
estriol 30 31 17.51 16.21 1.29 5.1759 -0.771 
androstadiene 30 31 29.29 26.61 2.68 6.2543 -0.0959 
19-nortestosterone 30 31 120.02 106.63 13.39 8.3367 -0.1183 
testosterone 30 31 186.76 164.51 22.24 9.0338 -0.1268 
(b) Change in retention time by increasing temperature 1'C. 
1fT 1fT RT RT RT 
Steriods (A) (6) (A) (6 ) change intercept slope 
estriol 0.003095975 0.00308641 9.57 9.26 0.31 -8.4882 3471 .3 
androstadiene 0.003095975 0.00308641 16.69 16.20 0.49 -6.7829 3100 
nortestosterone 0.003095975 0.00308641 69.64 67.25 2.39 -7.5564 3811.8 
testosterone 0.003095975 0.00308641 108.53 104.44 4.09 -7.7365 4012.8 
Analyzing the figures in Table 7.7 shows the impact of 5 'C temperature 
change on retention is similar to the impact of change the fraction of organic 
modifier by 1 %. 
7.2.1 Low proportions of methanol 
To investigate the effect of temperature on retention with low % of methanol , 
van't Hoff plot for steroids eluted with 20% methanol was plotted over the test 
temperature range between 90 ·C to 120 · C as in Figure 7.18. (Progesterone 
was omitted because it had an excessively high retention time even at high 
temperatures). 
High temperature was used to reduce longer retention on XTerra MS C18 
column due to an increase viscosity of mobile phase and poor solvation of 
stationary phase comparing to high percentage of methanol. The linear 
relationship for all four steroids means that the order of retention is unaffected 
by high temperature. 
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Figure 7.18: van 't Hoft for steroids at 20 % methanol with high 
temperature on XTerra MS C18 column, flow rate 1 mllm in. 
At increased temperature, the resolution between estriol and 1, 4-
androstadiene- 3, 11 , 17- trio ne reduce from 18.60 at 90 ·C to 13.64 whi le 
resolution between last compounds, testosterone and 19-nortestosterone was 
not significant (from 10.79 to 9.19). To reduce the retention times, the effect of 
increasing the flow rate was examined at high temperatures (Figure 7.1 9). 
At 11 0 ·C and increases linear velocities from 1 ml/min to 3 ml/min, the 
resolution between estriol and 1, 4-androstadiene-3, 11, 17 -trione reduce to 
half from 16.03 to 8.11 while the resolution between androstadiene and 19-
nortestosterone and between 19-nortestosterone and testosterone was not 
significant. The reduction in the resolution between androstadiene and 19-
nortestosterone was from 24.29 to 19.76 and between 19-nortestosterone and 
testosterone from 9.5 to 8.9. Figures 7.1 9 demonstrate the effect of flow rate 
on retention and resolution of steroids at low percentage of methanol and high 
temperature. 
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The effect of high linear velocity on the performance of column is evaluated in 
Table 7.8, retention time for the last compounds, testosterone reduced from 
58 minute at 1 mllmin to 22 minutes at 3 mllmin. However, retention factor 
increased due to the effect of pressure on the retention. It was found that 
height of peaks decreased by increase flow rate while increase temperature 
increase height of peaks due to reduction in peak width. The effect of high 
flow rate on symmetry is not significant but in the peak width is more. 
The efficiencies were measured under these conditions (Figure 7.20) and 
compared with 90 ·C. As the separation temperature increased, the 
separation efficiency increased due to reduction of the mobile phase viscosity 
and increased in diffusion coefficient and reduction in analysis time. 
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Table 7.8: Evaluation of effect of high linear velocity on the performance 
of XTerra MS C18 column at separation of steroids with 20 % MeOH at 
120 ·C 
Flow 
rates R, k Heiqht Symmetry W112 Nl m HETP 
Estriol 
1 
ml/min 7.242 3.58 40.87 0.70 0.25 31587 0.0032 
1.5 
ml/min 5.047 3.78 38.78 0.91 0.21 22230 0.0045 
2 mllmin 3.827 3.87 34.36 0.95 0.18 15520 0.0065 
2.5 
ml/min 3.186 3.98 29.90 1.01 0.18 11566 0.0086 
3.0 
ml/min 2.743 4.37 25.58 0.99 0.18 8873 0 .01127 
1,4-androstadiene-3,11,17 -trione 
1 
ml/min 14.287 8.031 93.04 0.9 0.25 62727 0.0016 
1.5 
ml/min 10.213 8.68 95.4 0.92 0.27 54167 0.0019 
2 ml/min 7.731 8.94 88.97 0.95 0.23 40880 0.002433 
2.5 
ml/min 6.447 9.09 78.73 0.95 0.22 32693 0.00301 
3.0 
ml/min 5.586 9.95 67.8 0.97 0.21 26040 0.00384 
19- testosterone 
1 
ml/min 39.301 23.84 102.13 0.86 0.89 72200 0.001387 
1.5 
ml/min 28.258 25 .78 118.03 0.83 0.6 81920 0.001 3 
2 ml/min 21.456 26 .29 123.92 0.83 0.45 82887 0.001206 
2.5 
ml/min 18.011 27 .19 117.39 0.88 0.39 78320 0.001264 
3.0 
ml/min 15.770 29 .92 101 .12 0.93 0.38 64060 0.001561 
Testosterone 
1 
ml/min 56.583 34.77 28.49 0.91 1.29 70693 0.001416 
1.5 
ml/min 40.827 37.70 33.72 0.89 0.86 82807 0.0012 
2 ml/min 31 .014 38.46 36.47 0.88 0.63 88753 0.001124 
2.5 
ml/min 26.091 39.83 34.78 0.89 0.54 86220 0.00115 
3.0 
ml/min 22.917 43.94 29.6 0.95 0.53 68187 0.001467 
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Figure 7.19: Separation of steroids at high linear velocities with 20 % 
MeOH on XTerra MSC18 column. Steroids compounds: 1) estriol, 
2) androstadiene, 3) 19-nortestosterone, 4) testosterone at 110 -C and 
120 ·C. 
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Figure 7.20 : van Deemter plots of plate height (H) against flow rate. 
Mobile phase for selected steroids with (a) 20 % MeOH at 90 ·C, (b) 20 % 
MeOH at 110 ·C, (C) 20 % MeOH at 120 ·C on XTerra MS C18. 
However, the efficiency of earlier compounds decreased at high temperature 
in high linear velocities (Figure 7.21 ). This is probably because of 
extracolumn band brodening [223]. 
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Figure 7.22 compare the effects of composition and temperature which 
suggest that high temperature and reduced percentage of methanol could be 
advantageous as it can be operated at a higher flow rate without losing the 
efficiency [126, 351 ]. 
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Figure 7.22: Improvement in van Deemter plots (HETP) against flow rate 
for 19-nortestosterone (a) 40 % MeOH at 100 ·C (b) 20 % MeOH at 120 ·C. 
At 40% methanol and 50 ·C the retention time for the last eluted compound, 
progesterone, was 154 min but when the temperature was raised to 100 ·C 
and the flow rate increased from 1 to 2.7 mllmin, the analysis time decreased 
from 154 to about 12 minute (Figure 7.23). This is a 13- fold decreases in 
analysis time without loss of the efficiency or resolution. The reduction in peak 
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width for last compound, progesterone was 11 -fold at increased flow rate and 
temperature. High temperature decreases the viscosity of the mobile phase 
and enhance greatly the diffusivity, thus narrower peaks were obtained [166]. 
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Figure 7.23: Chromatograms of steroids separation with 40 % MeOH on 
XTerra MS C18 at 50 ·C and 1mllmin and at a 100 ·C at 2.7 mllm in. 
Solutes : 1) uracil, 2) estriol , 3) 1, 4-androstadiene-3, 11, 17-trione, 4) 19-
nor-testosterone, 5) testosterone, 6) progesterone. 
Extrapolation of retention as a function of percentage of methanol and of 
temperature was used in order to estimate the retention of the selected 
steroids with pure water as a mobile phase. 
Figure 7.24 shows the change in the retention time of selected steroid as a 
function of percentage of methanol on XTerra MS C18 column. 
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Figure 7.24: Retention time as a function of mobile phase composition 
(% of MeOH w/w). 
Table 7.9 shows the RT extrapolation values of steroids at 90 ·C for pure 
water mobile phase. 
Table 7.9: Extrapolated retention time for selected steroids with 0 % 
methanol at 90 °C 
Solutes 
estriol 
1 ,4-androstadiene-3,11 ,17 -trione 
19-nortestosterone 
testosterone 
RT Extrapolation 
44 
150 
777 
1410 
Retention data of the van 't Hoff plot for 19-nortestosterone at 30, 40 and 50 % 
methanol was employed to estimate its retention on XTerra MS C18 at 
different temperatures (Figure 7.25). The slope (Figure 7.26) and intercept 
(Figure 7.27) varied on changing the percentage of organic in the mobile 
phase. These curves can be extrapolated to give the slope (-0.054) and 
intercept (1 1.030) of the predicicted van't Hoff curve for 0 % methanol. This 
curve y = (6333.3 x -11 .241) can then be used to predict the retention at any 
temperature (Table 7.9). 
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Figure 7.25: Retention time versus temperature for 19-nortestosterone 
on XTerra MS C18 with flow rate 1 mllmin for mobile phase containing 30 
%, 40 % and 50 % methanol respectively. 
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Figure7.26: Slope of temperature dependence curve (Figure7.25) for 19-
nortestosterone on XTerra MS C18 with flow rate 1 mllmin. 
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Figure 7.27: Intercept of temperature dependence curve (Figure 7.25) for 
19-nortestosterone on XTerra MS C18 with flow rate 1 ml/min. 
Table 7.9: Extrapolation results for 0 % Methanol, column temperature 
40 'C to 150 'C on 3.5 Ilm XTerra MS C18 with 1ml/min flow rate for 19· 
nortestosterone 
% MeOH T ( ·CI RT (mini In RT calc. 
0 40 8048.05 8.993 
0 50 4301.59 8.367 
0 60 2387 .30 7.778 
0 70 1371 .19 7.223 
0 80 812.41 6.700 
0 90 495.77 6.206 
0 100 310.44 5.738 
0 110 199.34 5.295 
0 120 130.88 4.874 
0 130 87.74 4.474 
0 140 59.85 4.091 
0 150 41 .73 3.731 
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From the results predicted the retention time for 19-nortestosterone when 
running pure water at 140 'C was comparable to the retention at 90 'C with 30 
% methanol (Figure 7.24). 
The separation of steroids mixture with pure water was preformed to 
investigate the quality of ex1rapolation. The predicated retention time was 
different than experimental. Therefore, the extrapolated retention time can be 
only a rough guide for determination retention time at different temperature 
under 100 % water mobile phase. 
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Figure 7.28: Separation of steroids at superheated water @ 130 ' C, 
compounds : 1. uracil, 2. estriol , 3. 1, 4-androstadiene-3, 11 , 17-trione, 4, 
19-nortestosterone on XTerra MS C18 column. 
However, the column would have a limited life time under these conditions so 
an alternative separation of steroids was preformed on more temperature 
stable zirconia PBO column but the separation was very poor with broad 
tailing peaks (Figure 7.29). Previous reports have suggested that this column 
material could be successfully used for separation androstadiene and 
epitestosterone with flow rate 6 mllmin in pure water at 200 'C by 0.4 minutes 
[352]. 
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Figure 7.29: Separation of steroids at superheated water @ 150 ·C w ith 
flow rate 1 ml/min, compounds: 1. uracil, 2. 19-nortestosterone, 3. 
testosterone, 4, progesterone. 
7. 3 Separation on 50 mm XTerrra MS C18 
The separation of steroids has been a tantalizing challenge to analysis with a 
more aqueous mobile phase and on the more retained XTerra MS C18 
column. In order to obtain faster separation at low percentage of methanol 
while maintaining high efficiency and resolution, a column of 3.5 IJm particles 
XTerra MS C18 with 50 mm length was used in high temperature and high 
flow rate. 
Figure 7.30 demonstrate reduction in the retention time of selected steroids in 
50 mm 3.5 IJm XTerra MS C18 with 30 % MeOH mobile phase at flow rate 1 
mllmin compared to 150 mm 3.5 IJm XTerra MS C18 columns. It showed 
about a 59 % reduction in analysis time for the last compound. However, 150 
mm XTerra MS C18 was more efficient 
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Figure 7.30 : Separation of steroids on 50 mm and 150 mm XTerra MS 
C18 by using 30 % MeOH at 50 C with flow rate 1 mllmin. compounds; 1) 
androstadiene, 2) 19-nortestosterone , 3) tsestosterone. 
To study the effect of temperature on retention mechanism on 50 mm XTerra 
MS C18, the temperature was raised from 50 'C to 90 'C at 30 % methanol. 
Table 7.10 demonstrated the decrease of retention factor with increased 
temperature. The analysis time decreased significantly from 77 min at 50 'C 
to 18 min for testosterone as the temperature was increased from 50 to 90 'C 
with no change in chromatographic resolution. The pressure drop also 
reduced from 143 to 84 bars. This indicates that high temperature decreased 
the viscosity of the mobile phase and surface tension of the mobile phase and 
thus reduced back-pressure. This should give increased diffusion in the 
mobile phase and the stationary phase. 
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Table 7.10: Dependence of column pressure, retention factor as a 
function of temperature for steroids at 1 mllmin w ith mobile phase 30 % 
MeOH 
Retention factor (k) 
Column 1,4- 19-Nor-androstadiene temperature Estriol 3,11 ,17-trione testosterone Testosterone progesterone 
40 ' C 14.15 27.23 110.5 175.45 
50 ' C 10.44 19.98 79.99 127.29 
60 ' C 7.43 14.78 55.66 86.55 254.12 
70 ' C 5.48 11 .27 40.09 61.27 217.65 
80 'C 4.03 8.39 28.41 42.09 144.27 
90 'C 3.01 6.45 20.63 30.35 97.86 
Figure 7.31 shows effect of temperature on retention of steroids in the 
temperature range from 40 to 90 ·C. This relationship is linear van't Hoff at 
flow rate1 mlfmin. Thermodynamics data of the steroids separation at 30 % 
MeOH reported in Table 7.10 from slope and intercept of linear van '! Hoff plot. 
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Figure 7.31: Plot of In k vs 1/T for steroids on 50 mm XTerra MS C18 
column with mobile phase (70/30) (w/w %) water-methanol. 
Because there was no significant deviation from linearity in the van'! Hoff plot, 
correlation coefficients (r) were more than 0.999. Therefore, it was concluded , 
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that over the temperature range studied , there were no changes in retention 
mechanisms for the steroids. 
Table 7.1 1: Thermodynamic data for steroids on a 50 mm XTerra MS C18 
column with 30 %MeOH mobi le phase 
Thermodynamic 1,4- 19-
androsterione 
data esriol 3,11 ,17 -trione nortestosterone testosterone progesterone 
lIH· (kJ/mol) -29.39 -27.21 -31 .90 -33.54 -37 .99 
LIS· (J/Klmol) -71 .67 -59 .53 -62.50 -63.83 -66.35 
Correlation 0.9991 0.9995 0.9985 0.9976 0.9952 Coefficient (r') 
Figure 7_32 demonstrate effect of temperature on retention and peak width of 
selected steroids. By increasing temperature, peak width especially for last 
compound, progesterone decrease from 6.1 at 70 ·C to 2.0 at 90 ·C. 
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Figure 7.32: Separation of steroids as a function of temperature at 30 % 
MeOH, steroids compounds: 1) uracil, 2.) estriol , 3) androstadiene, 4) 19-
nortestosterone, 5) testosterone, 6) progesterone. Condition of 
separation: injection volume; 51-'1 and flow rate 1 ml/min. 
The effect of temperature was then examined on the retention of each steroid 
at decreasing proportion of methanol in the mobile phase composition to 10 % 
and 5 % MeOH (Table 7.11). For each solute, there was an obvious decrease 
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in retention factor by increasing temperature. The low viscosity also means 
the flow rate could be increased. 
Table 7.12: Retention factor (k) of selected steroids as a function of 
temperature at 3ml/min using low percentage of organic modifier on 
XTerra MS C18 
Column Retention factor (k) 
Temperature Estriol androstadiene Nortestosterone Testosterone 
TemperatureCC) 
MeOH-water 10:90 (w/w) 
100 ·C 19.38 54.69 171 .36 276.35 
110 ·C 13.62 37.66 142.93 181 .13 
120 ·C 10.77 29.19 86.71 134.53 
130 ·C 9.47 27.40 76.40 119.07 
MeOH-water 5:95 (w/w) 
120 ·C 22.72 53.52 212.17 343.54 
125 ·C 20.86 68 .65 192.07 307.22 
130 ·C 17.06 53.6 149.86 237.31 
A rectilinear plot indicates that the same separation for steroids prevails 
across the temperature range from 100 to 120 ·C [186]. However, with 
increase temperature to up 130 ·C there was significant deviation from 
linearity especially at high temperature (130-140 .C) for different low 
percentage of organic modifier (Figure 7.33). 
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Figure 7.33: van 't Hoft plot for selected steroids at high temperature and 
high flow rate 3 mllmin on 50 mm XTerra MS C18 column and 10 % 
MeOH mobile phase. 
In order to further investigate the influence of temperature on separation 
mechanism, the van 't Hoft plot replotted by excluding the point at 130 and 140 
· C. This illustrated in Figure7.34. For each line, there was good linearity with 
correlation coefficient more than 0.99 and therefore we can concluded that 
over temperature range there was no change in retention mechanism. Based 
on the equation that was obtained on each line, the percentage of linear 
deviation error was calculated at 130 and 140 ·C (Table 7.13). 
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Figure 7.34: Linear extrapolation on all temperature studies, data in full 
point from temperature 100-120 'C and empty point represented the 
point that are excluded from linearity calculations for the plots. 
Table 7.13: Enthalpy data for steroids at high temperature on 50 mm 
XTerra MS C18 column 
linear linear 
.loW( kJ/mol) deviation deviation 
linear equation ;Correlation error (%) at error (%) at 
Steroids 100-120 ' C (r ) 130 'C 140 ' C 
estriol 4310.S(1fT)-8.6085 35.84; (0.99) 7.7 6.5 
1,4-
androstadiene- 4608 .S(1fT) -
3,11,17-trione 8.3701 38.32;(0.9913) 7.6 7.74 
4999.8 (1fT)-
nortestosterone 8.2781 41 .57;( 0.9917) 3.09 3.02 
testosterone 5283 (1fT) - 8.5592 43.92; (0.9928) 5.04 4.68 
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Figure 7.35 : Chromatograms of steroids separation as a function of 
temperature at high flow rate 3 mllmin with 10 % MeOH. Compounds: 
1) uracil, 2) estriol, 3) androstadiene, 4) 19-nortestosterone, 5) 
testosterone. 
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Figure 7.36 shows that at high flow rate 3 ml/min and high temperature, 
retention with 10 % MeOH at 110 'C and flow rate 3 ml/min is similar to 30 % 
MeOH at 70 'C on 50 mm XTerra MS C18 column, 
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Figure 7.36: Comparison of steroids retention on 50 mm XTerra MS C18 
column at different flow rate and high temperature. Steroid compounds: 
1) estriol , 2) androstadiene, 3) 19-nortestosterone, 4) testosterone. 
Figure 7.37 shows nonlinear van 't Haft plot at decreasing percentage of 
methanol and increasing temperature. This indicates that there is probably a 
change in retention mechanism over the range of temperature. 
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Figure 7.37: van't Hoff plots for selected steroids using 5 % MeOH at 
high temperature high flow rate (3 ml/min). 
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At high temperature, there is a significant change in hydrogen- bond network 
in water at extreme high temperature and decrease in dielectric constant of 
water as well as shift polarity. This lead to change the retention mechanism 
from entropically to enthalpically driven. In our results, low portion of organic 
give poor solvation to the stationary phase and contribute to change the 
retention mechanism. 
7.4 Summary 
Hydrophobic interaction on an XTerra MS C18 column increased at low 
percentage of methanol and at low temperature. Reduction in the analysis 
time of steroids on an XTerra MS C18 column was achieved through changes 
in the column temperature or increased volume fraction of the methanol 
content in the mobile phase and also by increasing the flow rate of the mobile 
phase. Chromatographic separation shows that the selectivity of separation 
can be decreased by temperature and increased by decreasing the 
percentage of organic in the mobile phase composition. 
At low percentage or low temperature and normal flow rate, XTerra MS C18 
column exhibit hydrophobicity. This hydrophobic interaction can be decreased 
by increasing temperature or by increase volume fraction of methanol in the 
mobile phase. Retention of steroids was longer on 150 mm XTerra MS C18 
but it was more efficient at high temperature at high flow than 50 mm XTerra 
MS C18 column. 
Extrapolation curves can be used to predict the retention times of compounds 
at elevated temperature and superheated water chromatography. Although, 
small number of experiments at low temperature and changing mobile phase 
composition applying extrapolation the retention time can be predicted which 
helps to solve the problems, such as instability of column to temperature . 
Retention mechanism is unchanged by increased temperature. However, at 
low percentage and high temperature the van't Holf plots tend to deviate from 
linearity indicating a small temperature dependence of enthalpy. 
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XTerra Ms C18 offer the maintentenance of high efficiency at high mobile 
phase flow rates under low percentage methanol and high temperature than 
high percentage of methanol at high temperature. The more retained steroids 
compounds were more efficient at high mobile phase flow rate and high 
temperature. In contrast, low retained compounds were low efficient at high 
flow rates. 
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CHAPTER EIGHT 
EFFECT OF PRESSURE ON RETENTION FACTORS 
IN LIQUID CHROMATOGRAPHY 
8.1 Introduction 
As well as temperature, pressure also has a significant influence on retention 
in HPLC (Section 2.2). Whereas increasing the temperature reduces eluent 
viscosity and density and hence the back pressure drops, in contrast, an 
increase in pressure causes an increase in the density and the viscosity of the 
eluent and a reduction in the diffusion rate of solutes [293]. Linear and 
non linear relationships were found between pressure and retention factor. A 
linear change in retention factor due to an imposed increased back pressure 
and nonlinear change due an increased flow rate causing a pressure change 
[294, 353]. 
8.2 Aim of pressure study 
In a study of the effect of flow rates on efficiency [353] at Loughborough, it 
was found that as well as the efficiency changes there was an increase in 
both the shape selectivity and the hydrophobicity as the flow rate was 
increased. Previous work had shown that a comparison of these factors can 
be used as an internal thermometer to determine the effective column 
temperature and pressure on ODS-bonded phase columns [24, 355] and at 
constant flow rate both parameters decreased with increasing temperature. 
This agreed with earlier studies of changes in the the selectivity of the 
separation with temperature [84, 356, 86, 88] and of changes in 
hydrophobicity with column temperature [319]. However, increases in both 
parameters are typical of a reduction in temperature, which was not expected 
as increased eluent flow might be expected to heat the columns as the back 
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pressures increases and more work is needed to pump the eluent through the 
column. 
Therefore, a study was set up to investigate the effect of pressure on the 
hydrophobicity and shape selectivity for aromatic hydrocarbons at constant 
flow rates and elevated temperature. A circulating water jacket was used as 
the temperature of the column can be accurately controlled by the 
temperature of the water bath. 
8.3 Effect of pressure on retention factor by using back pressure 
regulator 
In order to investigate the effect of pressure on retention, the inlet mobile 
phase temperature was held at the column temperature of 60°C and the flow 
rate was set at constant flow rate (1 mllmin) using Purospher RP-18 and 
Chromolith columns, which had both been used in the earlier study by 
Tebrake [354]. Thus, all the parameters that affect retention were constant 
except pressure which could be altered by raising the overall pressure using a 
back-pressure regulator after the column. 
On the Purospher RP-1 8 stationary phase, the effect of pressure was 
examined at under low and high pressures. Figure 8.1 shows a slight 
increase in retention time with increased pressure in range from 103 to 160 
and from 300 to 350 bars. 
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Figure 8.1: Retention time at high and low pressure on of Purospher 
RP-18 column. 
A Chromolith column was examined under similar conditions by increasing the 
pressure gradually in increments of 50 bars. The retention time of the test 
solutes gradually increased on raising the pressure from 56 to 250 bars 
(Figure 8.2). Uracil. which used as a void volume marker was also found to 
increase in retention time with increased pressure. 
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Figure 8.2: Effects of pressure on the retention time of test compound 
on Chromolith column. 150 x 4.6 mm Ld at 60 'C column temperatures. 
Figure 8.3 shows the relationship between the retention factors (k) and 
pressure of aromatic hydrocarbons (butylbenzene. o-terphenyl. 
pentylbenzene and triphenylene) on the Chromolith column. This slight 
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increased in retention factor indicates that the pressure affects the retention of 
the compounds. These changes corresponded to the earlier work on the 
effect of pressure (Section 2.2). The efficiencies of all the compounds 
increased with the pressure and most noticeably the efficiency for 
triphenylene increased from 3410 to 4873 plates as found in previous work 
[296, 315J. 
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Figure 8.3: Effects of pressure on retention factor of test compound on 
Chromolith column, 150 x 4.6 mm Ld at 60°C column temperature, 
mobile temperature and rising pressure from 56 to 250 bars. 
However, an attempt to separate the compounds at a pressure higher than 
250 bars on the Chromolith column failed due to a serious peak broadening 
and poor resolution . It appeared that the pressure limit of the column had 
been exceeded and the cladding of the column had been damaged. 
The hydrophobicity and shape selectivity of a separation column are defined 
as the retention factor ratios of pentylbenzene I butylbenzene and 
triphenylene I o-terphenyl , respectively and both increased on the Chromolith 
column with raising column pressure (Figure 8.4). The hydrophobicity 
increased from 1.419 to 1.441 and the shape selectivity increased from 1.348 
to 1.371 . 
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Figure 8.4: Effects of pressure on shape selectivity and hydrophobicity 
on Chromolith column (Based on values in Figure 8.2) 
A similar observation was also found on Purospher RP-18 column (Figure 
8.5). The calculated hydrophobicity increased from 1.430 to 1.450 and the 
shape selectivity increased from 1.492 to 1.535. 
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Figure 8.5: Effect of high and low pressure on shape selectivity and 
hydrophobicity on Purospher RP-18 column (values from Figure 8.1) 
Figure 8.6a shows the correlation between hydrophobicity and shape 
selectivity on the Chromolith column over the pressure range studied and at 
constant flow rate and constant temperature of 60 ·C. Most of the pOints were 
close to a straight line, suggested that the hydrophobicity and shape 
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selectivity increased systematically with pressure. This correlation showed a 
similar trend to the relationship of hydrophobicity and shape selectivity at 
different temperature Figure 7.6-b) (355) and why in the earlier study the 
column appeared to have been cooled at increased flow rates [354]. 
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Figure 8.6-a: Comparison of hydrophobicity and shape selectivity at 
different pressure on Chromol ith stationary phase with methanol: water 
75: 25 (w/w) at 60 ·C. 
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Figure 8.6-b: Comparison of shape selectivity and hydrophobicity at 
different temperature with methanol: water 75:25 (w/w) and at 40 ·C with 
methanol: water 70: 30 (w/w) [355). 
Figure 7.6 showed a similar variation between shape selectivity and 
hydrophobicity increased at higher pressure on the Purosphere column 
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Figure 8.6: Comparison of hydrophobicity and shape selectivity at high 
and low pressure on Purospher RP 18 stationary phase. 
8.4 Conclusion 
This study demonstrated that the pressure has an impact on retention in 
reversed phase liquid chromatography. The retention times and retention 
factors increase slightly by increasing the column pressure on using a 
backpressure regulator at constant flow rate and temperature. This also 
changes the relative retention expressed as the hydrophobicity and shape 
selectivity which increased with an increased pressure. Thus in the earlier 
study the observed decrease in the apparent effective column temperature 
with increased flow rate may not have been real but could have been caused 
by a change in pressure. 
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CHAPTER NINE 
CONCLUSION AND FUTHER WORK 
Different hybrids stationary phases have been utilised successfully at high 
temperatures with low percentage of methanol and pure water mobile phases 
for the separation of alkylphenols and a range of aromatic test compounds. 
Hybrid-phenyl phases show high thermal stability with pure water mobile 
phase. The retention mechanism of the hybrid phases changed with 
temperature in pure water due to the alteration in physico-chemical properties 
of water at elevated temperatures as well as change in entropy. Methylene 
selectivity suggested that the enthalpies of transfer are constant over 
temperature range studied. Therefore, nonlinear van't Hoff due to change in 
thermodynamic phase ratio which also affect retention mechanism. The 
determination of phase ratio in RPLC is difficult because it is difficult to 
determination the interphase volume of stationary phase. Therefore, 
molecular volume of the stationary phase ligands is often taken as the 
stationary phase volume, and it is usually assumed to be constant. The 
volume of stationary phase is solute dependent, and parts of the stationary 
phase may change volume with temperature and this is a possible cause of 
the non-linear van't Hoff relationship which was observed. 
Polystyrene divinylbenzene shows linear van't Hoff relationship with moderate 
percentage of acetonitrile and non-linear van't Hoff relationship at low 
percentage of acetonitrile. However, hybrid phases show linear van't Hoff 
relationship at low percentage of methanol and non-linear van't Hoff curves 
when high temperature was used. 
Investigation of the retention behavior on the hybrid phases at elevated 
temperature has shown that temperature is a powerful means for controlling 
retention values, column efficiency and chromatographic resolution. Therefore, 
this parameter is an operational variable that can be selected to optimize 
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separation of steroids with different percentage of organic modifier in the 
mobile phase. 
High temperature in the hybrid phases and pure water reduces viscosity and 
back pressure and thus reduced mass transfer on running at high flow rate. It 
gave flat van Deemter curves without distortion of the peaks. 
The odd results in the irreproducibility of the retention time with phenyl phase 
at low percentage of methanol because of phase collapse occur in the 
stationary phase and not as a result from ineffective heating in air oven. 
It was also shown that pressure has an impact on retention in reversed phase 
liquid chromatography because retention time and retention factor increased 
with pressure at constant temperature and flow rate. 
9.2 Further work 
9.2.1 Thennoslable stationary phases 
High temperature water (HlW) provides an alternative mobile phase for 
reversed phase chromatography instead of mixed organic-water eluent. 
However, most reversed phase silica is unstable in superheated water 
chromatography. Therefore, the stationary phase stable to high temperature is 
required. The stability of some hybrid phases to high temperature water will 
encourage chromatographers to study the reasons for instability of some 
available hybrid phases at high temperature. The performance of these 
phases for separation with different compounds at high temperatures can be 
examined and hopefully leads to new thermostable hybrid-silica stationary 
phases. 
9.2.2 Efficiency study 
The efficiency of hybrid-phenyl stationary phases using van Deemter curve 
show that efficiency of both columns was significantly decreased at low linear 
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velocities due the domination of the a-term but at higher linear velocities the 
C-term dominating the separation. More comparison on hybrid phases with 
pure water and van Deemter curves at different water temperatures is needed 
to determine the optimum condition. Moreover, van Deemter curves at 
different temperatures for low percentage of organic should are needed to 
study what are the factors dominating the separation at different temperatures 
and why the low percentage mobile phase was more efficient than pure water. 
9.2.3 Steroids separation 
Steroids showed high hydrophobicity on hybrid phase at low percentage of 
organic modifier; therefore application of high temperature for steroids 
separation at high flow rate could be useful for the separation. The possibility 
of thermal stability for ethylene-bridge and X-Terra phenyl columns will be 
positive to separate steroids at low percentage of organic modifier and pure 
water at high temperature and flow rate in less analysis time. 
This study encouraged another person in our laboratory to study the 
pharmaceutical compounds separation at low percentage of organic modifier 
and thus with pure water on hybrid phases and new thermostable columns. 
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